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Abstract 
A new technology platform known as ‘Scan2Knit’ was invented in the William Lee 
innovation Centre of the University of Manchester to engineer and manufacture 
compression stockings for the treatment of venous disease in a Welcome Trust funded 
research project. The intellectual property of the above technology has been licensed 
for commercial exploitation by the University. 
The graduated pressure profile that is necessary for the treatment of venous ulcers is 
generated with the engineered compression stocking, and will depend on the stitch 
length of the knitted fabric structure and an empirical pressure profile database. The 
‘Scan2Knit’ technology was developed to produce an engineered compression 
stocking on a 18 gauge Stoll CMS  computerised flat-bed knitting machine utilising a 
microprocessor controlled precision positive yarn delivery system to guarantee the 
delivery of a predetermined stitch length to the knitting needles. However, the 
licensee of the technology has decided to manufacture engineered compressions 
stockings by using 14 gauge Stoll CMS flat-bed knitting machines instead of gauge 
18 machines due to commercial advantages.  Therefore, the main aim of this work is 
to investigate the transfer of ‘Scan2Knit’ technology on to a coarse gauge 
manufacturing platform to produce engineered compression stockings.  
The investigation focuses on two vital requirements of ‘Scan2Knit’ technology; the 
analysis of the performance of the precision positive yarn delivery system on the new 
production platform and the evaluation of the functionality of the knitted structure 
produced with it. The objectives of the research are to develop test procedures for the 
evaluation of the three dimensional pressure characteristic of compression stockings 
manufactured on the new production platform, and the performance of the precision 
yarn delivery system.   
To produce the engineered compression stockings with the ‘Scan2Knit’ technology, it 
is essential to determine the interface pressure that the knitted structure would impart 
on a particular radius of curvature at a predetermined strain percentage which is 
attained with an empirical database. Hence, a key objective of this study is to develop 
a methodology, which is efficient and user friendly, for the generation of the empirical 
pressure profile database required to engineer the interface pressure profile of a 
compression stocking. 
It is envisioned that the manufacturer of the engineered compression stockings would 
benefit by the knowledge generated within this research, and develop their own 
quality assurance procedures to guarantee that the compression stockings are 
produced to deliver the graduated pressure profile prescribed by the clinician for the 
treatment of venous ulcers. 
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Chapter 1 Introduction  
1.1 Background 
Medical practitioners use two main alternative methods to treat venous ulceration of 
the legs. These are the use of compression bandaging and compression stockings.  
Current standard of the bandaging is to use the 4 layer bandaging system to achieve a 
pressure value of 40 mmHg at the ankle. Current stockings develop lower pressures 
than this. But stockings too can be designed and manufactured to provide the same 
degree of pressure. In order to address the above drawbacks a new technology 
platform ‘Scan2Knit’ was developed by Fernando [1] in the William Lee Innovation 
Centre of the University of Manchester to engineer and manufacture compression 
stockings for the treatment of venous disease. The technology was protected by the 
University and licensed out to Advance Therapeutic Materials Ltd (ATM). 
1.2 Research Problem and Possible Solution 
Testing and the quantifying of fabric performance are as important as the manufacture 
of the product. To ensure that the right graduated pressure profile was imparted, 
different physical tests were developed either for experimental work or for 
commercial use throughout last couple of years. The tensile test is one of the most 
important tests which can be used to measure the strength and the failure 
characteristic of fabrics, by stretching a predetermined area of the fabric at a near zero 
constant velocity, to obtain the 2D fabric mechanical properties[1]. 
In order to monitor the three dimensional pressure profile of the compression stocking, 
a test rig was developed by Fernando [1] (Figure 1.1). This test rig has expanding link 
system for increasing the radius of curvature with a thin flat plastic sheet wrapped 
around the link system to provide a surface of uniform radius. Since the initial test rig 
radius of curvature is 85mm it is not possible to study the pressure profile of the 
engendered compression stocking with the smaller radius of curvature. On the other 
hand the thin flat plastic sheet is not a reliable choice, since by increasing the radius of 
curvature of the test rig, tubular knitted structure force the thin plastic sheet to bend, 
which influences the pressure reading and causes inaccuracy to happen. 
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Figure 1.1 Developed Test Rig at University of Manchester [1] 
 
The engineered compression stocking (ECS) is designed to provide a definable three 
dimensioned pressure profile and it is essential to develop a test method to measure 
the pressure generated due to stretching of the ECS fabric. Furthermore the primary 
step to manufacture an engineered compression stocking is the generation of empirical 
pressure profile database. Hence, it was decided to introduce a new procedure to 
evaluate the pressure profile of engineered compression stocking. 
 The concept behind the new pressure measuring system which was developed in this 
research is to deform a series of knitted tubular ECS structures by an estimated 
amount using conical shape test rig which were embedded with the small (20× 20mm) 
pressure sensors. 
1.3 Aims and objectives of the research 
This study aims to develop a new methodology for a quality control procedure for the 
measuring and evaluating of the three dimensional compression characteristic of 
stockings manufactured by ATM. Then again tries to develop a test procedure for the 
quality control and quality assurance of the TPF system. The engineering of the 
compression stocking uses an empirical pressure profile database to predict the 
interface pressures that the knitted structure would impart on a particular radius of 
curvature at a predetermined strain percentage. The current method of creating the 
above empirical pressure profile database which was developed by Fernando [1] is a 
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time-consuming and complicated procedure. Hence, the main objective of this 
research is to develop a procedure for generation of the empirical pressure profile 
database required to engineer compression stockings. It is envisioned that a simpler 
procedure is developed which is easy to adapt and can be used with minimum training. 
 
1.4 Layout of thesis 
1.4.1 Literature Survey 
The main objective in the chapter two is to study of the history of medical problem 
which caused by venous and lymphatic system insufficiency and also current 
treatment for these diseases, which are using a 4 layer bandages system and 
compression stocking. On the other hand it is important to study the new developed 
technology ‘Scan2Knit’ as an alternative for treatment of mentioned diseases. In order 
to classify the level of compression (interface pressure) applied for the treatment of 
stated diseases the study was carried out to point out the different standards which are 
available. 
And finally to find a suitable interface pressure measuring device for pressure 
measurement, available equipments has been presented. 
 
1.4.2 Quality Control and Quality Assurance 
Chapter three presents the study of different quality control procedures to achieve 
certain level of confidence for producing engineered compression stockings with a 
pre-defined knitted structure. The chapter is separated into three parts which are, 
• Investigation of the behaviour of elastomeric yarn (double core Lycra) using 
two different computerised flat-bed knitting machines of two machines gauges, 
E14, E18; 
• Investigation of the accuracy of the true positive yarn delivery system (TPF 
system) with E14 machine using non-elastomeric yarn (Polyester yarn); 
•  Investigation of mechanical properties of tubular ECS fabric and also micro-
scale behaviour of the tubular ECS fabrics. 
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1.4.3 Study of Accuracy of Pressure Measurement 
Chapter four reveals the importance of the calibration of pressure measuring system 
(Oxford Pressure Monitor) and the steps which need to be followed in order to 
calibrate the pressure sensor to minimise the margin of error. The developed computer 
program to process the calibration data and finalise the pressure value is also 
documented in this chapter. Furthermore a comparison between the theoretical and the 
experimental value are provided to evaluate the accuracy of OPM pressure measuring 
system. Finally the experimental study was carried out to find out the effect of radius 
of curvature on the interface pressure.      
 
1.4.4 Development of the Test Rig 
Chapter five explains the study of generation of the empirical pressure profile 
database with the current technique which suggested by Fernando[1] and also  
introduces the new concept for creating the empirical database and the development 
of a test apparatus. Given that the new test apparatus consist of conical sample 
stretchers (CSS) and OPM pressure sensors. 
The rest of the chapter is devoted to the design and development of CSS and study of 
the effect of cone surface on pressure reading with the OPM pressure sensors. 
 
1.4.5 Sample Preparation and Data Processing  
Chapter six explains the steps which need to be followed to produce knitted tubular 
samples for generation of empirical pressure profile database. The chapter also 
describe the new software programme developed to generate the empirical database in 
detail. 
 
1.4.6 Conclusion and Future Work 
Chapter seven focuses on the conclusions and summarises the outcome of the research. 
Recommendations for future work are also included in the chapter.  
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1.5 Summary  
This chapter introduced the current treatment of venous ulceration and also addressed 
the drawback of using the developed test rig by Fernando [1] in his thesis for 
evaluation of the pressure imparted by engineered comparison stocking. Also, the 
importance of evaluation of the pressure profile to generate the empirical pressure 
profile was addressed. Therefore, the new test procedure was proposed for this 
purpose. The aims and the objectives of the research are also described in this chapter. 
The chapter also presented the layout of the thesis in terms of the research steps 
required to develop a new procedure for the quality control and quality assurance of 
the TPF system and also a procedure for generation of empirical pressure profile data 
base. 
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Chapter 2 Literature survey 
2.1 Medical problem 
2.1.1 Venous System of the legs  
The veins are responsible for the flow of blood from the legs and arms back to the 
heart where it can be transfer to the lung to re-oxygenate by replacing the carbon 
dioxide with oxygen. The venous system is separated into two organised groups of 
superficial and deep veins which are connected to each other by means of 
communicating veins called perforators Figure 2.1.  
The venous system is unable to push the blood around the body because the veins are 
unable to use the direct driving force of the heart and they also have to work against 
the gravity. Hence; to overcome this problem, small one-way valves are located along 
the length of the vein which help the blood to flow back to the heart. one-way valves 
also prevent the blood from falling backwards as muscles in the arms and calf contract 
to rise the blood through the veins Figure 2.2 and Figure 2.3 [2-4]. 
The blood pressure at the ankle of a person who is lying supine is around 10 mmHg, 
but on standing this will rise by about 80 mmHg, due to an increase in hydrostatic 
pressure (equivalent to the weight of a vertical column of blood stretching from the 
point of measurement to the right auricle of the heart)[1, 5]. 
During walking, the contraction of the calf muscle compresses the deep veins 
producing internal pressures of up to 250 mmHg and emptying them of blood. As the 
pressure in the veins falls, the one-way valves close, and the veins are refilled by 
blood passing through the perforators from the superficial system. During this cycle, 
in a normal leg, the valves of the deep veins and the valves of the perforators will 
ensure that the expelled blood can go in only one direction - upwards, back to the 
heart. This 'pumping' action of the calf muscle causes the hydrostatic venous pressure 
in the ankle region to gradually fall until it reaches a steady state, usually about 30 
mmHg in the deep veins and 40 mmHg in the superficial veins. If the person then 
stands still, the pressure in both systems will slowly return to a stable value of about 
90 mmHg, a process that usually takes about 20-30 seconds [1, 5]. 
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Figure 2.1 Perforator Vein [6] 
 
 
 
Figure 2.2 One-way Valves in Healthy Veins and the Role of ‘calf Pump’[7] 
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Figure 2.3 Normal and Incompetent Valve[7] 
The superficial veins which are located in the fatty layer under the skin play a minor 
role in carrying blood to the heart. Since superficial veins are not surrounded by the 
muscles they can carry only 10-15% of the blood back to the heart, although they 
have the same one-way valves. However, deep veins are located in the muscles and 
are responsible for carrying 85-90% of blood back to the heart [2-4]. 
 
2.1.2 Venous and Lymphatic system diseases  
Venous diseases arise when the veins have difficulty in returning the blood from the 
limbs back to the heart. Damage to the valves and veins may caused by defects at 
birth, or through phlebitis, infection, or trauma. Other contributing factors to vein 
diseases include obesity, pregnancy, and thrombosis[8, 9]. 
In this chapter about a number of vein diseases and Lymphatic insufficiency were 
discussed such as: 
• Venous leg ulcer, (stasis leg ulcer); 
• Lymphoedema; 
• Deep vein thrombosis (DVT); 
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• Varicose veins and Varicose veins during pregnancy; 
• Diabetes; 
• Edema; 
• Chronic Venous Insufficiency ("CVI"). 
2.1.3 Venous Leg Ulcer 
The most common type of skin ulcer, which mainly occurs just above the ankle, is 
venous leg ulcer. This usually affects the elderly people particularly women. The 
reason of this problem is increasing the blood pressure in the veins of the lower leg 
which is due to blood pooling in the superficial veins next to the skin. It causes 
swelling, thickening, and damage to the skin. This damaged skin may finally break 
down to form an ulcer, Figure 2.4, Figure 2.5, Figure 2.6, Figure 2.7, Figure 2.8 [9-
11].  
 
Figure 2.4  Leg Ulcer [11] 
 
Figure 2.5  Leg Ulcer [11] 
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Figure 2.6 Leg Ulcer[11] 
 
Figure 2.7 Leg Ulcer[11] 
 
Figure 2.8  Leg Ulcer [11] 
 
2.1.4 Lymphoedema 
Oedema or (Edema) is a collection of fluid, so Lymphoedema is a collection of lymph 
fluid in the body tissue. In each and every human body tissues, there is a small 
amount of fluid called Lymph, which helps the blood system to provide water and 
nourishment to the tissue. This fluid is collected by a drainage tube system which is 
similar to the blood vessels called the lymphatic system. Gentle pumping action from 
lymphatic system and contraction of muscles help the fluid movement through the 
lymphatic system. The lymph drains back to the blood system trough a major vein on 
the left side of the neck after filtering trough the lymph nods. If the lymphatic system 
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damaged or unable to do its job as it should be, a build-up of fluid arise which results 
in swelling and thickening of the skin. The swelling problem is because the water and 
protein block tissue area. This problem may occur in the lower leg and the hip areas 
(see Figure 2.9), swelling is also very common in the arm after the breast cancer and 
removal of the lymph nods during the surgical treatment Figure 2.10. 
Wearing the class 3 or 4 graduated compression hosiery depend on the severity of the 
case is the part of the treatment for a patient who is suffering from Lymphoedema. It 
prevents swelling and reaccumulation, once it has been reduced by massage [12-14].  
 
 
 
Figure 2.9 Swelling Caused by Lymphoedema [15] 
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Figure 2.10 Swelling Caused by Lymphoedema [16] 
 
2.1.5 Deep Vein Thrombosis (DVT) 
Mostly DVT occurs in a deep vein it usually happens in the patient’s deep vein of the 
calf area such as the femoral or popliteal vein Figure 2.11, Figure 2.12. DVT causes 
permanent damage to the one way valves and also the starting point of the leg ulcer 
formation in the later stage. The small part of the thrombus (clot) may be detached 
and travel towards the lung and lodge in the lung which is the cause of death in about 
1-5% of the people who are suffering from blood clots in the lung or the other organs 
[17-21]. A few factors which increase the risk of occurrence of the DVT clot are; 
 
• Lowering the blood flow; 
• Increasing the consistency or thickness of the blood; 
• Damage to the structure of the vessel wall; 
• Smoking; 
• Travelling; 
• Sitting or standing for a long period of time; 
• High cholesterol. 
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Figure 2.11 Thrombosis in Deep Vein [20] 
 
Figure 2.12 Popliteal Vein [22] 
In order to ease the pain, to reduce the swelling and also to prevent post-thrombotic 
syndrome, doctors recommend patients to wear graduate compression stocking. 
 
2.1.6 Varicose Veins and Varicose veins During Pregnancy 
It was stated that the venous system and one way valves should cause the blood to 
return to the heart. In some cases the one-way valves are faulty and cause the blood to 
go backwards giving rise to a pressure increase inside the vein which results in 
gradual swelling Figure 2.13, Figure 2.14.  
During the pregnancy, the women body goes through many changes such as 
increasing blood volume and fluid. The fluid may remain in the interstitial tissue 
which causes swelling. Hormonal change and weight-gain are the two other factors 
which contribute to an increased in the development of varicose veins Figure 2.15 
[23-26].  
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Figure 2.13 Normal and Varicose Veins [27] 
 
 
Figure 2.14 Varicose Veins [28] 
 
Figure 2.15 Varicose Vein During Pregnancy 
[29] 
The graduated compression stocking is an option for the treatment of the varicose 
veins if aching and swelling are the main problems. The appropriate class (1 or 2) of 
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the graduate compression stocking is recommended by the doctor, depends on the 
complication of the varicose vein. 
 
2.1.7 Diabetes 
There are two type of diabetes, one develops during childhood and the other develops 
during adult life. The cause of diabetes is an irregularity of sugar level and insulin 
production in the blood which affects the blood circulation, usually in the eyes, kidney 
and skin. Over a period of time, the poor circulation causes less oxygen to reach the 
skin which develops wounds and open ulcers, and also, in some cases damages the 
nerve system in the feet. 
Maintaining good circulation of blood is essential to prevent these types of ulcers, 
hence, graduate compression stocking is an option which addresses the circulation 
problems by supporting the leg veins [30, 31]. 
 
2.1.8 Edema 
The Edema means swelling and is a clinical expression which refers to an increase of 
fluid under the skin. Although there is a difference between this and swelling causes 
by Lymphoedema. Sport injuries, hot weather, post-surgery, pregnancy, varicose 
veins, airplane travelling and standing or sitting for a long time may cause Edema. 
The Graduate compression stocking is an option to overcome mentioned problem as it 
helps to reduce the mild leg swelling [32]. 
 
2.1.9 Chronic Venous Insufficiency (CVI) 
The Chronic venous insufficiency occurs due to the longstanding high pressure in the 
vein and also because of the weak, worn or damaged valves which changes in the 
tissue of the leg. Normally it can be detected with the aid of a scanner because of 
deeper vein problems Figure 2.16 [20, 33].  
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Figure 2.16  Chronic Venous Insufficiency [34] 
The graduate compression stocking may be recommended by the doctor when the 
patient has the mild cases of CVI Figure 2.17.  
 
 
 
Figure 2.17  Graduate Compression Stocking [20] 
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2.2 Compression Bandage 
2.2.1 Introduction to the Compression Bandage 
The history of using the compression bandages goes back to the time of the ancient 
Egyptians, who used simple woven fabrics coated with adhesives and resins as 
dressing, to help wound healing. 
In the 17th century, the surgeon Pierre Dionis recommended the use of the rigid lace-
up stocking, made from the coarse linen or the dog skin, to apply compression as a 
treatment of leg ulcers. 
For the first time in the middle of 19th century, the elastomeric bandage was 
manufactured from natural rubber. In 1878, Callendar [5] published a paper which 
described the use of these bandages to help the people who had been suffering from 
varicose veins. 
A standard for the compression bandages appeared for the first time in a supplement 
to the 1911 British Pharmaceutical Codex (BPC). The Codex incorporated a 
requirement for extensible and non-extensible products [5]. 
 
2.2.2 Application of bandages 
For patients with venous disease, the application of graduated external compression 
can help to minimise or reverse the skin and vascular changes described previously, 
by forcing fluid from the interstitial spaces back into the vascular and lymphatic 
section. 
While the pressure inside the veins of a standing subject is mainly hydrostatic, it 
follows that the levels of external pressure require neutralizing this effect, will reduce 
progressively up the leg, as the hydrostatic head is effectively reduced. For this reason 
it is common to ensure that external compression is applied in a graduated approach, 
with the highest pressure at the ankle. In practice, the optimum pressure will probably 
vary according to a number of factors, including the severity of the condition and the 
height and limb size of the patient. 
The pressure developed beneath any bandage is governed by the tension in the fabric, 
the radius of curvature of the limb and the number of layers applied. 
  
37 
2.2.3 The use of the Laplace equation in the Calculation of sub-
bandage pressure 
Since according to Laplace’s equation ( P= T/r ) where P , T and r are respectively 
the pressure, the tension and the radius of curvature. Therefore sub-bandage pressure 
directly proportional to the bandage tension, but inversely proportional to the radius of 
curvature of the limb to which it is applied. 
 There are four important principal factors to determine the degree of compression 
produced by any bandage system [35, 36]. 
• The physical structure and the elastomeric properties of the bandage, 
• The size and the shape of the lesion that the pressure is applied to, 
• The skill and the technique of a nurse who applies the bandage, 
• The nature of any physical activity undertaken by the patient. 
 
2.2.3.1 Bandage width 
Unlike the blood vessel wall which applies the tension acts throughout the whole area 
of the structure, a single layer of bandage is applied to the limb exerts pressure only to 
the area which is covered by the bandage. This pressure will be determined by the 
total force applied to the fabric and the bandage width in accordance with the meaning 
of pressure [35]: 
F o rceP r essu re
U n it A rea
=  (2.1) 
Because of this definition, it is necessary to use the value of the bandage width in the 
formula. 
2.2.3.2 The number of layers of bandage 
The total developed pressure in a bandage is the sum of the pressures of individual 
yarns. Hence, the use of two layers of bandage under constant tension, will double the 
number of yarns over any specific point on the surface of the leg. For this reason the 
numbers of the layers of the bandage (n) should be considered in the formula [35]. 
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2.2.3.3 Sub-Bandage Pressure Calculation Formula 
To calculate the sub bandage pressure, the formula mentioned below could be used 
[35].  
4620T nP
C W
=  (2.2) 
 
where
P = Pressure (in mmHg)
T = Bandage Tension (in Kgf)
n = Number of  layers of  applied bandages
C = Circumference of  the limb (cm)
W = Bandage width (cm)
K = 4620 = Constant Value
 
2.2.3.4 Discussion  
This means, that there is a natural graduation effect due to the increase of radius of 
curvature up the leg with the highest pressure at the ankle. This pressure will 
gradually reduce up the leg as the circumference increases. Most legs, however, are 
not circular in cross-section. Consequently, the pressure applied by a bandage will 
vary significantly around the circumference at any given cross-section on the leg. 
Particularly marked variations in pressure will be found over bony prominences such 
as the ankle bone and shin. For this reason, it is recommended that prior to the 
application of a compression bandage; adequate padding should be applied to the leg 
to prevent localised areas of excessively high pressure. The aim should be to impart to 
the leg a circular cross-sectional profile in order to achieve consistent levels of 
compression. Care should be taken also to ensure that bandages do no slip or become 
displaced as this will lead to multiple layers forming, which in turn may lead to 
localised areas of high pressure[5]. 
On the other hand when several layers of elastic bandages are applied, the final 
bandage will become more and more inelastic. Therefore the four-layer bandage 
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system as an end-product becomes inelastic while their single component is elastic. 
The reason for this change of the elastic property of a compression bandage is the 
influence of friction between the different layers. Friction is also higher in bandage 
system supplied with an adhesive or cohesive surface which increases the stiffness of 
the bandage. Hence it is important to consider the stiffness of the multilayer bandage 
system while measuring the sub-bandage pressure[37, 38].  
2.2.4 Bandage structure 
The bandage tension, and therefore the sub-bandage pressure, is originally determined 
by the applicant’s method of application. Under the normal conditions, the ability of 
the bandage to uphold the tension depends on its elastomeric properties. 
The elastomeric properties of woven cotton bandages Figure 2.18 tend to be 
extremely poor and it needs to be changed every 6-8 hours, in order to retain a precise 
pressure. However, the pressure in a crepe type bandage over the four hour period 
goes down by a 63% in contrast to a 10% drop in a bandage made from a large 
amount of elastomeric yarn. However, the synthetic (polyamide and polyurethane) 
based products which are knitted rather than woven, has made the bandages more 
comfortable and also easier to apply. They have improved elastic behaviour due to the 
use of elastomeric yarn Figure 2.19 and Figure 2.20  [5].  
 
 
 
Figure 2.18 Woven Cotton Bandage[5] 
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Figure 2.19  Woven Bandage Containing Viscose and Nylon[5] 
 
 
Figure 2.20 Knitted Bandage Containing Viscose and Nylon[5] 
 
In order to achieve the precise pressure required by clinical need, an appropriate yarn 
must be chosen which facilitates the control of the bandage strength. Therefore; it is 
possible to design an extensible bandage. 
 
2.2.5 Bandage classification 
Type 1 compression bandages: 
The Lightweight conforming-stretch bandages are Type 1 products which have a 
simple dressing retention function. This should conform to a limb or joint without 
limiting patient movement. Type 1 bandages have a long and shallow stress vs. strain 
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curve producing very little change in the pressure imparted for small changes of limb 
circumferences. Type 1 bandages frequently contain lightweight elastomeric yarns 
which impart a high degree of elasticity but little power to the bandage[10]. 
Type 2 compression bandages: 
The light support bandage, which is Type 2 products are also sometimes called short 
or minimal stretch bandages. They include the familiar crepe-type products of the 
British Pharmacopoeia together with numerous variations of these bandages, which 
are manufactured from cotton or cotton and viscose, and which show considerable 
variability in performance [10]. 
Compared with the compression bandages described below, types 2 have limited 
extensibility and elasticity and have lower extension to locking of the structure. 
Therefore, it makes them suitable to apply over a joint to give support without 
generating a significant level of pressure. 
Type 2 bandages are also used for the leg ulcer treatment. At full extension, they form 
an inelastic covering to the leg which tends to resist any change in the geometry of the 
calf muscle during exercise, thereby increasing surface pressure in a cyclical fashion 
and enhancing the action of the calf muscle pump[10] . 
Because of the limited elasticity, this type are likely to be less effective than high 
compression bandages for reducing existing oedema as they are unable to ‘follow in’ 
the limb reduction in circumference[10]. 
Type 3 compression bandages: 
These types of compression bandages are use to control oedema and swelling in the 
treatment of venous disorder of the lower limb. Base on their ability to generate 
predetermined levels of compression, they comprise four different categories[10]. 
 
Type 3a: Light compression bandages are able to provide and maintain a low level of 
pressure up to 20 mmHg on an ankle of average dimension. Doctors use this type of 
compression bandage for the management of superficial or early varicose veins and 
also varicose veins which generate during pregnancy. Their performance prevents 
them being used for the treatment of existing oedema or for low levels of pressure 
applied to very large limbs[10]. 
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Type 3b: Moderate compression bandages are used to apply compression up to 30 
mmHg on an ankle of average dimension. This type of bandage is also appropriate for 
the treatment of varicose veins during pregnancy, varicosity of medium severity, for 
the prevention and treatment of leg ulcers and to control of the mild oedema[10]. 
 
Type 3c: High compression bandages may be used to apply high levels of 
compression up to 40 mmHg on an ankle of average dimension. This type of bandage 
is also suitable for the treatment of varicosity, post-thrombotic venous insufficiency 
and the management of leg ulcers and gross oedema in limbs of average 
circumference. Examples include Tensopress, Setopress and Surepress [10]. 
 
Type 3d: Extra-high performance compression bandages are capable of applying 
pressure up to 50 mmHg. These bandages can be expected to apply and sustain these 
pressures on the largest limbs for extended periods of time. This group includes 
Elastic Web Bandage BP (Blue Line Webbing) and Varico Bandage [10]. 
 
2.2.6 Treatment of leg ulcer with help of compression bandaging 
To apply compression bandage, wound needs to be cleaned with the tap water. Then a 
3-4 layers bandage are wrapped over a wound dressing by a skilled nurse, so that 
there is the highest pressure at the ankle and a gradually reducing pressure towards the 
knee and thigh Figure 2.21, Figure 2.22, Figure 2.23 and Figure 2.24. 
In order to have a precise pressure applied to the wound area, the bandage may need 
to be re-applied every week or when the ulcer dressing is changed [5, 39-41]. 
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Figure 2.21 First Layer[42] 
 
Figure 2.22 Second Layer[42] 
Figure 2.23 Third Layer[42] 
 
 
Figure 2.24 Forth Layer[42] 
 
 
2.3 Manufacturing Technology 
2.3.1 Introduction 
The Graduated compression hosiery is used as the main treatment of venous leg ulcers 
usually in the form of four layers of bandaging; not surprisingly, some patients 
complain about the bulkiness of the bandages. The bandages must be changed 
regularly, depending upon on their material and their type. This requires the help of a 
skilled nurse; the major drawback is that many elderly patients have to attend hospital 
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every week. On the other hand with approximately 580000 individual patients in the 
UK, it costs the NHS roughly £ 300-600 million per annum [43]. 
The compression stockings are manufactured as a tubular knitted structure. They are 
positioned over the treatment area in such a way that the elastomeric yarns in the 
knitted structure are stretched. As the patient’s leg prevents the extended elastomeric 
yarn to returning to its low energy relaxed state, a pressure applies to the wound area. 
Unlike the compression bandaging, the compression stockings are more comfortable, 
more accurate in terms of required pressure, and easier to wear. 
In contrast to the compression bandaging with their high working pressure, the 
compression stockings apply a resting pressure and the daily build-up of pressure is 
controlled by the limited ability of the hosiery to stretch [34]. 
In this chapter the different types of compression stocking are described with an 
introduction of a new generation of compression stocking which are developed 
recently in the University of Manchester (the Sckan2knit technology). 
 
2.3.2 Knitted fabric 
Fabrics made by interlooping one or more yarns are called knitted fabric. Knit 
constructions provide considerable extensibility in all direction and therefore posses 
high conformability compared to woven fabrics [44]. As explained previously, the 
knitted structure is the main structure which is widely used for production of the 
compression stockings due to their inherit elasticity, ability to drape and the relative 
ease of fabrication with the stretchable yarns. 
A knitted structure may consist of two other types of primary binding elements other 
than stitches. These are the tuck stitches (Figure 2.25) and floats (Figure 2.27) 
According to the physical characteristics of these elements and their positioning and 
combination, the knitted structure will have a distinct performance. The tuck stitch is 
integrated into the structure by preventing it being interconnected to a knitted loop 
one course later, as shown in Figure 2.25. This creates a yarn binding unit consisting 
of three yarns (area ABCD in Figure 2.26) and thereby will create increased friction 
for any yarn movement. This will cause the tuck stitch to act as an anchoring point 
and will prevent yarn migration from one loop to the other when the total structure is 
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tensioned. Since the tuck loop causes the stitch below it to rob yarn from the 
neighbouring stitches, the tuck loop reduces the fabric length while increasing the 
width[45-47].  
On the other hand the knitted fabric is more suitable for the production compression 
stocking due to its ability of trapping more air within the structure than equivalent 
woven fabric which will leave knitted fabric with better insulation properties Figure 
2.28, Figure 2.29. 
A float (Figure 2.27) is created when the knitting needle does not create a stitch so 
that it is not interlooped with the loops immediately above and below it. Because the 
float reduces the number of bindings in the structure it is able to make the structure 
looser, but provides less elasticity[48]. 
It is likely to create a wide variety of knitted structure by combining the various types 
of primary binding element (Stitch, Float and Tuck loop). 
 
 
 
Figure 2.25 Tuck Loop[47] 
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Figure 2.26 Tuck Loop[1] 
 
Figure 2.27 Float[47] 
 
 
Figure 2.28 Knitted Structure[47] 
 
Figure 2.29 Woven structure[47] 
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2.3.2.1 Basic Knitted Structure (Plain, Rib, Interlock, Purl and Tuck loop) 
A plain knitted structure is the simplest and the most economical weft knitting 
structure with maximum covering (see Figure 2.30 and Figure 2.31). It is 
manufactured by withdrawing the loops from the technical back toward the technical 
face of the fabric. This structure is able to recover up to 40% in width after stretching 
 
 
Figure 2.30 Plain Knitted Structure, Technical 
Front[47] 
 
 
Figure 2.31 Plain Knitted Structure, Technical 
Back[47] 
 
To produce a rib knitted structure, two sets of the operating needles are required to 
operate between each other. The wales of the face stitches and the wales of reverse 
stitches are knitted in each side of the fabric. The Rib structures are elastic, form-
fitting and retain warmth better than plain structures Figure 2.32. 
 
 
 
Figure 2.32  Rib Knitted Structure[47] 
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An interlock structure is derived from a rib structure which means, to produce an 
interlock structure, a special arrangement is required, so that the needles are knitting 
back to back alternately Figure 2.33. 
 
 
Figure 2.33 Interlock Knitted Structure[47] 
The Purl fabrics are produced by meshing the stitches in the neighbouring courses in 
the opposite directions by using special latch needles with two needle hooks. Hence, 
only the reverse stitches will be visible in both sides of the fabric in the relaxed state 
Figure 2.34. 
 
Figure 2.34 Purl Knitted Structure[47] 
2.3.2.2 Honeycomb Structure  
As stated earlier it is likely to create a new knitted structure by combining the two or 
more primary binding element. Two primary binding elements (tuck loop and stitch) 
are required to create a Honeycomb structure (Figure 2.36 and Figure 2.37), the yarn 
path notations of the Honeycomb structures is given in Figure 2.35.  
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Figure 2.35 Yarn Path Notation of the Honeycomb knitted Structure 
 
 
Figure 2.36 Technical Front View of the 
Honeycomb Structure 
 
Figure 2.37 Technical Back View of the 
Honeycomb Structure 
2.3.3 Three different techniques for producing elastomeric knitted 
structure 
2.3.3.1 Laying-in 
The elastomeric yarns are led straight into the structure by stitches or by forming a 
tuck loop with the help of another yarn. After knitting a set of the courses, the 
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elastomeric yarn lays in the row of knitted loops, and produces the next course of the 
knitted loops [48]. 
2.3.3.2 Plaiting 
In this method different sets of yarn feeders are used to knit the elastomeric yarn with 
another yarn at the same time so the elastomeric yarn is visible only on one side of the 
fabric. This is one of the most difficult techniques available because of some factors 
such as the geometry of yarn feeders, yarn properties and also the knitting needles 
themselves[48]. 
2.3.3.3 Knitting-in 
In this method, the elastomeric yarn is knitted into a fabric structure by being formed 
into stitches or tuck loops. A special control yarn feeding system is needed to control 
the stitch length because of the problem of the elastomeric yarn stretching even under 
very low tension [48]. 
 
2.3.4 Circular knitted compression stocking 
The circular knitted stocking are mainly made from the nylon and the cotton, but in 
modern stockings elastane is used as an alternative option. To obtain the different 
sizes of stocking in circular knitting machines, it is necessary to have different 
machines with different cylinder diameters, meanwhile the yarn tensions needs to be 
controlled during stitch formation process [43]. 
There are three methods for producing circular knitted customised compression 
stockings: 
a) Measuring the leg dimension in various locations and cutting the stocking shape 
fabric from the flat circular knitted fabric, and then joining them by a longitudinal 
seam [49] (US Patent No.2, 816,361);  
b) Changing the elastomeric yarn tension during the process of knitting [50] (US 
Patent No.2, 807, 946); 
c) To use a program responsive electrical controller to control the knitting elements, 
including raising and lowering the cylinder to control the form of the circular knit 
fabric produced on the machine [51, 52] (US Patent No.3, 232,079 and 4,502,301). 
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However these technologies have not provided for graduated pressure profile suited to 
the patient’s particular leg dimensions and medical requirements, with smooth 
pressure graduation from the ankle to the knee. In all these methods of manufacture, 
the accuracy of the stockings was compromised by the small number of measurements 
taken to design the stockings and the failure to consider the real radius of curvature 
profile of the leg [1]. 
 
2.3.5 Flat-bed knitted stockings 
By selecting and deselecting the knitting needles at the two selvedge of a flat-bed 
knitting machine it is possible to make a flat bed knitted stockings. In some 
manufacturing methods, the 2D compression stocking is knitted which then seem to 
have the longitudinal seam at the back of the stocking. 
Unlike the circular knitted stocking, these products are more comfortable and flexible, 
but still there are no measurement based on the radius of curvature of stocking. 
However, the lack of competent yarn delivery system in order to control the defined 
stitch length within the knitted fabric structure needs to be addressed [43]. 
 
2.3.6 The Scan2knit Technology  
2.3.6.1 Introduction 
This system uses a 3D scanner to acquire the definition of a limb surface for which a 
compression garment is designed. The mathematical model of the Scan2Knit system 
uses the point cloud data given by the 3D scan to define the radius of curvature profile 
of the limb. Using the radius of curvature values and predefined pressure values for 
specific locations, the mathematical model is used to calculate the number of needles 
required to produce each course of the compression garment on a computerised flat-
bed knitting machine. As required by the clinicians, the pressure definition points, in 
the case of a leg stocking, are at the anterior of the leg for the cross-sectional 
circumferences at 2cm above the ankle bone (cross-section A), maximal calf 
circumference (cross-section C), the circumference midway between A and C along 
the length of the leg, and the upper limit for the stocking. The software of the 
Scan2Knit system also shows the pressure profile resulting from the designed 
  
52 
compression garment as a 3D image which helps to observe the intensity of pressure 
on different areas of the leg[1]. 
Upon confirmation of the pressure profile, an image file with the knitting information 
is produced, this information is then transmitted to a dedicated computerised flat-bed 
knitting machine to produce the stocking designed which will ultimately apply the pre 
defined pressure profile on to the patient’s leg when it is worn. The principal concept 
of  the Scan2Knit system is shown in Figure 2.38 [1, 53, 54]. 
 
 
Figure 2.38  Scan2Knit Technology Platform[55] 
 
The two key requirement for the mentioned system are computerised flat-bed knitting 
machine and dedicated special yarn delivery system to be able to deliver the 
predetermine length of elastomeric yarn per needle to the knitting zone 
2.3.6.2 Computerised Flat-bed Knitting Machine 
To produce a low surface roughness compression stocking product, the finest 
available machine gauge during the research program was a STOLL CMS 330.6 E18, 
Figure 2.39. This state-of-the-art knitting machine incorporates new technologies like 
new latch needle design and holding down sinkers, which positions it in the forefront 
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of today’s flat-bed knitting technology [56]. Yarn packages are kept on top of the 
machine and the yarn are threaded to the yarn carrier through a number of pot eyes, 
knot catchers and cymbal tensioners which guide, monitor and condition the yarn into 
a suitable state to be knitted. The yarn carrier consists of a hard plastic block, which 
runs on the dovetail rail, and the stem, which is fixed to a plastic block. The plastic 
block contains a slot on its topside, which enables the plunger system of the carriage 
to insert a small protrusion into the slot and thereby drag it along the rail during 
knitting (Figure 2.40). This arrangement enables a desired yarn carrier to be selected 
and dropped off at any point along the needle beds during knitting. The Stoll CMS 
(Figure 2.39) is able to select the yarn carriers and remember their exact positions 
during every stage of the knitting process. The metal plungers, which select the 
carriers, are situated in the carriage bow, and their selection is also controlled by the 
machine computer[1, 37]. 
 
 
Figure 2.39 Stoll CMS 330.6 E18 
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Figure 2.40 Conventional Yarn Carrier for The Stoll CMS E18 Machine[1] 
The two needle beds form an inverted v shape. The back needle bed can be racked 
either to the right or left for patterning routines and needle transfer for shaping. A 
stepper-motor driven unit generates this movement very accurately. 
 
Figure 2.41  Special Needle Selection [1, 57] 
1. Needle  6. Holding-down jack 
2. Needle slide  7. Needle bed slide 
3. Selector slide  8. Spring slide 
4. Selector  9. Spring slide 
5. Selector spring  10. Knock-over bit 
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The special needle selection technology consists of two main parts: the needle and 
needle selector assembly (Figure 2.41) on the needle bed, and the electro magnetic 
needle selecting actuators in the cam boxes, which are located in the carriage. 
Knitting elements consist of the needle, needle slider, pressing jack, and the selector. 
The needle slider is permanently connected to the needle. Its butt follows the cams 
within the carriage and thereby lifts or lowers the needles. The pressing jack sits on 
the needle slider and has two butts. The thicker butt is pressed down into the bed by 
moving it under a specially shaped cam. This causes the needle slider to be pressed 
down causing the needle to become inactive. The second butt is used to guide and 
position the element to be pressed. This decides whether a needle is active or not. The 
selector is actuated by an electromagnetic selecting post; it pulls the selector towards 
the selecting post and causes the needle to remain inactive. The rejection of the 
selector causes the butt of the selector to engage in a cam track and causes the 
pressing jack to be released, in turn activating the needle. In normal use all the needles 
are pressed back into the needle tricks. All the selectors are offered to the selecting 
posts, this makes it possible to select only the enquired needles for the knitting 
operation[1].  
The fabric take down system is normally responsible for controlling the knitted loops 
during the stitch formation process. However, this does not provide sufficient control 
when knitting complicated patterns or 3D shapes. The STOLL CMS generation of 
machines are integrated with holding down sinkers to overcome the above weakness. 
Holding down sinkers are mounted on top of the needle beds between the needles, and 
they are engaged by a cam track and are pressed down when the needles are ascending 
to release the feet of the knitted loops shortly before the knocking over step of the 
knitting cycle[1]. 
The Stoll CMS uses a computer controlled carriage drive system, which makes it very 
flexible. The software automatically adjusts the carriage stroke in accordance to the 
width of the knitted panel. The drive motor is connected to the carriage by a toothed 
belt, and it can be controlled to get an infinitely variable number of speeds to suit 
different yarns and fabric structures. The take-down system consists of a set of rollers 
mounted on the main drive shaft and the counter rollers, which are spring loaded. 
These can be individually adjusted to give uniform downward pull along the width of 
the fabric[1]. 
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2.3.6.3 True Positive Yarn Feed System 
To control the dimensional stability of a knitted fabric structure, it is crucial to control 
the stitch length. This can be achieved by the help of the True positive yarn system 
which were reported by Xie [58]. The main concept of developing a true positive feed 
system (TPF) was to be able to control the delivery of stitch length in flat-bed knitting 
machine. 
A schematic diagram of the arrangement of the TPF is given in Figure 2.42. As it can 
be seen, a yarn delivery drum (1) is driven by a servo motor (2) to deliver the yarn (3) 
to the knitting zone (4). A PIC control Microprocessor is used to control the servo 
motor unit. In the TPF yarn delivery system, all the information relevant to the 
knitting of the fabric panel (Number of needle, stitch length detail and fabric structure 
information) is processed on a PC. The TPF system has the ability to change the rate 
of yarn supply, at different locations of the fabric being knitted as it may be necessary. 
Furthermore, in this system, by reversing the direction of rotation of the feed drum it 
is possible to remove yarn between the feeder and the knitting zone. This action may 
be necessary at the time when the carriage is moving toward the feeder unit. Since 
excess yarn needs to be removed from the knitting zone, a take-back spring (9) was 
introduced between the yarn package and the feeder to tension the yarn when the 
feeder drum reverses.   
Since the formation of even stitch lengths throughout the knitted structure is essential, 
it is vital to control the run-in tension during the process. This was achieved with the 
yarn-tension control unit (5) which consists of a d.c. motor which drive a lever in 
order to bring the necessary force to the yarn to control the yarn tension. 
During the knitting process the machine gauge and the pre-set stitch length 
information is combined in order to calculate the length of yarn which needs to be 
delivered. Hence, the control system is programmed to drive the feeder drum so that it 
delivers the required length of yarn during the knitting process [59-61]. 
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Figure 2.42 TPF Yarn Delivery System [59] 
 
(1) Positive feed Drum (6)Yarn Package 
(2) Servomotor (7) & (8)  Yarn guides 
(3) Yarn (9) Take-back spring 
(4) Knitting Zone (10) Yarn carrier 
(5) Yarn tension control unit (11) Carriage position sensor 
 
Figure 2.43  illustrate the TPF image which design for flat-bed knitting machine. 
 
Figure 2.43  True Yarn Positive Delivery System (TPF) 
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2.3.6.4 Knitted Structure and Elastomeric yarn selection for the Creation of the 
Engineered Compression Stocking Using Scan2knit Technology 
2.3.6.4.1 Introduction 
The two key reasons, due to which compression stocking generates pressure, are local 
tension of the knitted fabric and the surface radii of curvature. By stretching a knitted 
fabric, tension will be created within the fabric structure, therefore by wearing the 
compression stocking; different tension will be created at different cross-sections. The 
difference of strain in each cross-section is because of specific strain. 
Strain and the tension in the fabric determined mainly by its structure. It is vital to 
select the right fabric structure having the specific stress-strain characteristic [1]. 
 
2.3.6.4.2 Elastomeric yarn selection for compression stocking 
The selection of the yarn plays a key role as yarn properties and its path in the knitted 
structure will contribute to the fabric properties, since the knitted structure required to 
design a compression stocking is selected in such a way that its structure can give the 
necessary stiffness and pressure characteristics[1]. 
Kastner [62] through her experimental studies has shown that to knit an elastomeric 
yarn using the present technology, it could be covered by a stiffer yarn. As a result 
double covered elastomeric yarn was used for producing compression stocking. By 
covering the elastomeric yarn with two continuous filaments or spun yarns, a balanced 
yarn compound with controlled stretch and resistance to extension can be produced 
[44, 63]. Use of a covered elastomeric yarn is very beneficial since the covering yarn 
would protect and provide stiffness to the core yarn[1, 44]. 
Another factor to consider is the surface roughness of the fabric. Wadding layer needs 
to be applied underneath the high pressure compression stocking to pad the leg, in 
order to prevent the fabric from being in direct contact with the ulcerated region. 
Hence, the stocking fabric needs to have sufficient friction with the contact surface, 
which will depend upon both the covered yarn and the knitted structure, to stop the 
stocking from sliding down the leg[1]. Thus it was decided that the double covered 
yarn is appropriate for the present research. 
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2.3.6.4.3 Knitted Fabric Structure for Elastomeric Compression Stocking  
The fabric structure for compression stocking requires having a suitable stiffness to 
impart pressures as high as 40 mmHg, therefore two fabric structures (Honeycomb 
and Plain knitted structure) were compared. The two knitted fabrics had the plain knit 
structure and a honeycomb structure respectively using the elastomeric yarn (double 
covered yarn). The stitch notations of each of the structures are given in Figure 
2.44[1]. 
 
 
Figure 2.44 Yarn Path Notations of Honeycomb and Plain knitted Fabrics[1] 
 
Since the elastomeric fabric structures were to be used in their tubular shape, it was 
decided by Fernando [1] to test them in the tubular form. Since there was no current 
standard for this purpose, hence a test procedure and a fabric structure holding 
attachment, Figure 3.29 were developed specifically to test elastomeric fabric tubes 
for tensile testing. The resulting average load curves of the two fabric structures are 
presented in Figure 2.45 [1]. 
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Figure 2.45 Characteristic Curves of Honeycomb and Plain Knitted Structures[1] 
 
To be able to make a comparison of the strength of a single course for each fabric 
structure, data were provided ‘per course’. These fabric structures are used in a 
stocking which they need to operate under less than 50% strain [64], as it will be 
difficult to pull a stiff stocking over the heel of the foot. 
Assuming a radius of curvature of 25 mm, to get a pressure of 40 mmHg with these 
fabrics, using the Laplace Equation [35], the tension in the knitted structure was found 
to be approximately 0.0041 N. The graphs which are presented in Figure 2.45 shows 
that the plain knitted fabric does not satisfy the condition 0.0041 N at 50% strain 
while it is more likely to achieve 0.0041 N at approximately 25% for honeycomb 
structure. Also the honeycomb structure would be able to maintain pressure over a 
considerably longer time in contrast to the plain knitted structure [1].  
 On the other hand the study of the cyclic-tensile behaviour of the plain and the 
honeycomb knitted structure which was carried out by Anura [1] and Dilruk [44] 
shows that stress decay and permanent deformation of the honeycomb structure are 
lower than the plain knitted structure. Therefore, the honeycomb knitted structure is 
dimensionally a more resilient, stiffer and stable structure than the plain knitted 
structure. Therefore it was decided that the honeycomb structure is more suitable for 
the Scan2Knit technology [1]. 
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2.4 Standards and Test Methods 
2.4.1 Introduction 
To identify the most appropriate level of the compression, hosiery is divided into 
different categories based on the standards. It should be noted that there is a different 
classification between British standard and European standard. The higher levels of 
the compression are recommended in the European standard because of the different 
instruments used for measurement of the pressure Table 2.1.  
Group 
Type 
BS 7505 
Level of 
compression 
Pressure, British 
standard (mmHg) 
Pressure, German 
standard (mmHg) 
1 3A Light Up to 20 18.4-21.2 
2 3B Light 21-30 25.1-32.1 
3 3C Moderate 31-40 36.4-46.5 
4 3D High 41-60 >59 
 
Table 2.1 Comparison of British and German Standard [65, 66] 
 
2.4.2 The British Standard and the European Specification for the 
Graduate Compression Hosiery 
The British standard is measured with the HATRA hose pressure tester MARKII 
shown in Figure 2.46. The apparatus is constructed using metal bars, which form a leg 
shape; the upper bar being movable to provide loading of the garment. There are 
moveable pivots located at the end of formers, which can be positioned in the 
different holes to conform to one of the seven standard girth sizes. The circumference 
of each girth is shown in Table 2.2. The fixed lower bar has two curved attachments 
to simulate the calf and the thigh. By sliding the measuring head, it is possible to 
measure the developed tension along the garment. The traverse rail has three marks to 
ensure that the entire garment is tested at the same standard position [65, 66]. 
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1 17.2 28.9 37.9
2 18.7 30.9 40.6
3 20.4 33 43.4
4 22.3 35.4 46.4
5 24.3 37.9 49.7
6 26.5 40.6 53.2
7 28.8 43.6 56.9
Former Size number 
Former Girths
Ankle (cm) Calf (cm) Thigh (cm)
 
Table 2.2 British Standard Girth Sizes [65] 
 
Figure 2.46 HATRA MarkII [65] 
 
Table 2.3 shows the British standard for the compression treatment measured with the 
HATRA MARKII. 
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Class Support Pressure Condition 
 
I 
 
Light 
 
14-17mmHg 
Mild varicose veins 
Venous hypertension in pregnancy 
 
II 
 
Medium 
 
18-24mmHg 
Moderate varicose veins 
Mild oedema 
Prevention of ulcer recurrence 
 
III 
 
Strong 
 
25-35mmHg 
Severe varicose veins prevention of leg 
ulcers 
 
Table 2.3  British Standard for Compression Treatment [65] 
 
 
Figure 2.47 HOSY [67] 
 
The apparatus used for measuring the compression in the European standard is the 
HOSY Figure 2.47. In 2001 BSI translated the version of the ENV 12718:2001 which 
specifies the requirement and gives a test method for the compression hosiery. 
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Prior to fix the sample on tensile tensometer, sample needs to be marked at measuring 
position with the help of special device. Device shall comprise a marking-board (see 
Figure 2.48) on which an adjustable clamp is mounted that is capable of fixing the 
lower end of the hosiery with either one of two different systems as follows [66]: 
• For circular knitted specimens, a system of clamps or needles shall be used 
(see Figure 2.49); 
• For flat knitted specimens, a foot frame (see Figure 2.50) made from a round 
metal bar of  approximately 6 mm diameter shall be used. 
  
 
Figure 2.48  Device for Marking of Measuring Points [66]3 
 
 
Keys, 
1 Fastening by the clamp or the pins, 
2 Rule graduated in centimetres, 
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3. Hosiery, 
4 Base board, 
5 Measuring points, 
6 Foot frame, 
7 Base clamps. 
 
Figure 2.49 Foot-clamp for Round Knitted Hosiery [66] 
Keys 
1 Clamp of marking board,  
2 clamp to fit the hosiery. 
 
Figure 2.50 Foot Frame for Flat Knitted Hosiery [66] 
To calculate the compression of the knitted fabric after washing and conditioning and 
marking the specimen, the hosiery stretched and placed on the tensile tensometer with 
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the help of the rods. This fixed at the upper end by pins or the appropriate clamp, and 
then stretched continuously with a traverse rate of 200 mm/min for six times. The 
compression would be measured with the formula given below [66], 
1
max
FP
C L
Π
=  (2.3) 
th
1 max
max max
where,
P Compression(hPa),
F 6 cycle load at L in (cN),
C Hose circumference at L (Grith in cm),
L Rod length in (cm).
=
=
=
=
 
Figure 2.51 shows the compression classes based on the European standard. 
 
Figure 2.51 European Compression Class (standard) [66] 
 
2.4.3 Interface Pressure Measuring Devices 
2.4.3.1 Oxford Pressure Monitor (OPM) 
The OPM MK II (see Figure 2.52) is an electropneumatic interface pressure 
measuring device with 20×20 mm inflatable sensor (see Figure 5.8 and Figure 5.9). 
Each cell is connected to the manifold plug by one meter of connecting tube. At the 
beginning of the measurement cycle the pneumatic cell is held in a deflated state with 
the help of vacuum side of the pump. The next action for the pump is to switch to the 
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pressure side of a high pressure pump, which causes the pneumatic cell to inflate by 
sending the constant mass via a needle valve. When the pressure inside the cell 
becomes equal to the external pressure the pneumatic cell begins to open. This action 
creates a change in the volume of the system, thus dropping the rate at which the 
pressure increases. At the same time the microprocessor by means of semi-conductor 
strain gauge transducer is constantly monitoring the pressure gradient. The control 
valve is immediately switched back to the vacuum to deflate the cell after the pressure 
gradient is recorded. the pressure sensing cycle and other function are under the 
control of single chip microprocessor as illustrated in Figure 2.53 [68, 69]. 
 
 
 
 
Figure 2.52 OPM MARK II [68] 
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Figure 2.53 Block Diagram of OPM system[69] 
 
 
2.4.3.2 Diastron Bandage pressure Monitor (PM510) 
The Diastron apparatus Figure 2.54 is designed to measure the pressure under a 
bandages or an elastic support stocking, which includes a digital display and three 
sensors with small metal discs and rubber dome on one side. The movement of the 
rubber diaphragm is detected by a fibre optic system. Because of the rigid surface on 
one side it is less likely to yield appropriately against a surface; therefore, the result is 
more likely to be inaccurate[68, 70]. 
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Figure 2.54 Diastron Bandage Pressure Monitor [68] 
 
2.4.3.3 Salzmann Medico Sub-Bandage Pressure Monitors (MST Mark 3) 
The Salzmann test device Figure 2.55 consist of two main parts; an electronic digital 
display and a thin plastic sleeve with four paired electrical contact probes which are 
laid on the limb surface and covered with the bandage. This sleeve is inflated with air, 
when the pressure exerted by the air is greater then the pressure exerted by the outer 
compression layer, the transducer than gives a digital display of the pressure reading 
which can be displayed on the monitor. One of the main disadvantage of using this 
instrument is the ability of revealing pressure reading only once the switch is pressed, 
hence it is impossible to see the result throughout the process [68, 71]. 
 
Figure 2.55 Salzmann Sub Bandage Pressure Monitor [68] 
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2.4.3.4 TNO testing device 
The TNO tester was accepted by the CEN for measuring the pressure for elastomeric 
compression stockings, Figure 2.56 and Figure 2.57. It is performed with a pneumatic 
air pressure gauge method developed by the Stolk. A set of 11 different air chambers 
in the range of 18 to 28 cm are available to measure the pressure by a calibrated 
manometer. After fitting the stocking at the correct point on the chamber, the air is 
pumped into the chamber until the circumference of the stocking is the same as that of 
two chamber edges and then the pressure is monitored [72]. 
 
 
Figure 2.56 TNO[72] 
 
 
Figure 2.57 TNO[72] 
 
 
2.4.3.5 Kikuhime Sub-Bandage Pressure Measuring Device 
The Kikuhime pressure measuring device is a portable sub-bandage pressure 
monitoring appliance with different inflatable pressure-sensing pads Figure 2.58. To 
measure the pressure with the Kikuhime, the pressure sensors are positioned beneath 
the bandage and then the interface pressure displayed on the digital monitor [73].  
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Figure 2.58  Kikuhime Sub-Bandage Pressure Devices [73] 
2.4.3.6 ELF Interface Pressure Measuring System 
The Tekscan ELF force measuring system is made to measure the load and the force 
with felexiforce sensors (Figure 2.59 and Figure 2.60). These flexible sensors are 
designed to place under the compression stocking and to measure the interface 
pressure applied to the leg surface. The Flexiforce A201 sensor is an ultra-thin, 
flexible printed circuit Figure 2.60. The sensors need to be positioned on the flat 
surface to avoid any imprecision [74].   
 
 
Figure 2.59 Tekscan ELF Force Measuring System[74] 
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Figure 2.60  Flexiforce A201 Sensor[74] 
 
2.4.3.7 Contact Surface Pressure Measuring System (AMI)  
The AMI is developed to measure an interface pressure of a soft material to which the 
sensor is in contact with, Figure 2.61. The sensing element includes an air pack with 
the thickness of 1mm and a flexible film Figure 2.62. 
With the help of the built-in pressure transducer unit, the difference between the 
pressure received from the air pack and the atmospheric pressure is calculated and 
then converted into a DC output (1Kpa=100mV). [75]    
 
 
Figure 2.61 AMI Pressure monitoring Unit [75] 
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Figure 2.62 AMI Air-pack sensors [75] 
2.4.3.8 Discussion  
In this Chapter, current devices for measuring interface pressure were reviewed. The 
devices assessed include the Oxford Pressure Monitor (OPM) (Figure 2.52), the 
Diastron (Figure 2.54), the Salzmann (Figure 2.55), the TNO (Figure 2.56), the 
Kikuhime (Figure 2.58), the ELF Interface Pressure Measuring System (Figure 2.59), 
and the AMI (Figure 2.61).  
 
The focuses of the literature survey were based on the following points: 
• The reliability by means of accuracy of pressure measurement whilst the 
sensor is not on a flat surface. This is important due to the geometry of a 
patient’s leg profile, which is not flat;  
• The availability of the device by means of the value of pressure measuring 
system to purchase for the research; 
• The capability of continuous pressure reading.  
 
The literature survey has confirmed that Diastron and ELF systems delivered accurate 
pressure readings only when their sensors are not subjected to any bending. On the 
other Kikuhime and Salzmann systems are not designed for the continuous pressure 
monitoring. Furthermore the AMI system is too expensive. As the Oxford Pressure 
Monitor met all the above stated criteria it was utilised in the research. 
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2.5 Discussion 
Based on the findings of the literature survey this chapter shows that venous 
ulceration is a major medical concern which is currently treated by applying a 
graduated pressure profile to the diseased area.  However, it is also evident from the 
literature review that the science base currently used for the design and manufacture 
of compression bandages and compression stockings is not sufficient to deliver 
accurate graduated pressure profiles.  
The design of current compression stockings is based mostly on the length and the 
girth measurements of a patient’s leg. However, as shown by the Laplace function, 
presented earlier in this chapter, radius of curvature profiles of the individual’s leg 
determines the intensity of pressure experienced by the leg. It is seen that the circular 
knitting technology currently used in the manufacture of compression stockings 
cannot deliver the required graduated pressure profile necessary for the treatment of 
venous disease due to the difficulty of accounting for the radius of curvature profiles; 
current circular knitting machines are not designed for wale shaping by reducing the 
number of knitting needles due to the lack of knitted loop transfer capability. Also the 
standards that dictate its manufacture, do not give prominence to this important 
dimension. Hence, a new core technology platform has been invented in the 
University of Manchester to produce a bespoke compression stocking by integrating 
computersied flat-bed knitting technology with 3D body scanning technology, 
trademarked as ‘Scan2Knit’. 
Delivery of correct pressure profiles would depend on the mechanical properties of 
the fabric structure used in the manufacture of the compression stocking. Hence, the 
importance of the fabric structure (named ‘honeycomb’ in the thesis), the yarn (double 
covered elastomeric) mechanical properties and the stitch length for the manufacture 
of compression stockings were explained in the chapter. Also, the new delivery 
system (TPF) which requires to deliver the predetermine stitch length were elucidated. 
Since it is necessary to measure the pressure imparted with compression stockings 
study of available interface pressure measuring systems and available international 
standards were included in the final section of the literature survey. 
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Chapter 3 Quality Control and Quality Assurance  
3.1 Importance of Stitch Length for Scan2Knit  
In the scan2knit technology a graduated pressure profile is engineered by using a 
numerical data-base, which represents the relationship between the skin contact 
pressure, the radius of curvature of the knitted fabric contact surface and the 
percentage stretch of the knitted fabric. One of the key pre-requisitions of using the 
data-base is that the compression stocking is knitted to a predetermined stitch length. 
As such the stitch length of the knitted structure will be one of the important quality 
control and assurance factors. Therefore this chapter is dedicated to the study of stitch 
length control in the manufacture of engineered compression stockings [1]. 
 
3.2 Background  
In the research that led to the creation of Scan2knit technology platform, the 
engineered compression stockings (ECS) were manufactured on a computerised Stoll 
CMS330.6, E18 machine. In order to define the stitch length and the knitted structure 
a precision yarn delivery system (TPF) was invented. The TPF is designed to deliver a 
predefined length of yarn per needle, and during the research the TPF was interfaced 
with the needle selection and other necessary control signals of the E18 Stoll-
CMS330.6 knitting machine [1]. 
However, in order to optimise the manufacturing process the commercial partner 
ATM Ltd. has decided to utilise a different knitting platform; a Stoll CMS530T 
E14 ,i.e. 14 gauge machine instead of a 18 gauge machine. This resulted in the design 
and manufacturing of the TPF system for the 14 gauge machine by ATM with an UK 
base electronic engineering company. Therefore, it was decided to evaluate the 
performance characteristics of the TPF and to create a test methodology for the TPF 
system due to its vital importance to the Scan2knit technology.  
Since the machine gauge was changed to E14, numerous experiments needed to be 
carried out to ascertain whether the gauge 14 knitting machine is an appropriate 
option to use for producing ECS. The experiments were carried out in three phases. 
The first part of the experiments was devoted to assess the accuracy and behaviour of 
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the TPF system and it was decided to use a non-elastomeric yarn (167 dtex polyester 
yarns) for the evaluation in order to minimise errors, which would be caused due to 
stretching of the yarn during the stitch formation process. Tubular fabric samples were 
produced on a Stoll CMS530T E14 knitting machine with 160 needles on the front 
(Front needle bed) and the back (Back needle bed) with and without the TPF system.  
The next set of experiments were conducted to investigate the behaviour of the TPF 
system with double covered elastomeric yarn used for the manufacture of ECS; three 
different double covered Lycra yarns (E351, D963A and D963C) were used. The 
ranges of the experiment were further enhanced by producing the test sample at three 
different stitch cam setting (defined as NP value on Stoll software) with the three 
double covered elastomeric yarns. All the samples were knitted in tubular form with 
the same structure that is used to produce engineered compression stocking 
(Honeycomb Structure). 
Third set of experiments were devoted to studying the mechanical properties of the 
ECS structures knitted at the machine gauges E14 and E18.  
 Figure 3.1 shows tubular fabrics which were knitted for the purpose of experimental 
analysis in this chapter.  
 
 
Figure 3.1  Tubular Knitted Fabric Sample 
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To measure the straightening tension (ST) which is the tension utilised to straighten 
and complete the removal of crimp. ST was calculated for Polyester which is a non-
textured continues filament, using the formula given below. [76] 
ST = 0.5 × tex value    
On the other hand for the covered elastomeric yarn, above formula is not suitable and 
no standard is available for the calculation of ST. For this reason straightening tension 
of 5g were used for the elastomeric yarn with the lowest linear density which then was  
proportionally used to calculate the straightening tension for the other two yarns.   
Table 3.1 illustrates the specifications of the yarn to produce the samples for the 
experiments described earlier. 
 
Yarn Core Inner cover Outer cover Tex 
Straightening 
tension(g) 
D963A LYCRA NYLON66 NYLON66 80 5 
E351 LYCRA NYLON66 NYLON66 88 5.5 
D963C LYCRA NYLON66 NYLON66 110 6.9 
POLYESTER × × × 16.7 8.35 
 
Table 3.1 Yarn Specifications 
 
3.3 Evaluation of the Performance of the TPF System  
As stated previously in this chapter tubular fabric samples were knitted from a 
Polyester yarn to study the performance of the TPF yarn delivery system. In this series 
of experiments two sets of samples were produced, one set with the TPF (S1, S2 and 
S3) and the second set of samples (ST1, ST2) without the feed system in order to 
evaluate the stitch lengths of the knitted samples.  
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The variation in the stitch length would demonstrate the accuracy and the 
performance characteristics of the TPF system. The result would also indicate 
variations in the stitch length within each fabric layer and also between the two fabric 
layers of knitted tubular structure. It was envisioned that such a variation could be 
minimised with the TPF system.  
As mentioned before it is very important to study the behaviour and distribution of 
stitch length, wale pitch and course pitch along the fabric, hence, it was decided to 
split the front and the back surface of the tubular fabric into different zones. Figure 
3.2 illustrate the different zones for measuring the wale and course pitch and Figure 
3.7 demonstrate the different zones for measuring the stitch length. As can be seen 
tubular samples were divided into 30 and 25 different zones respectively at each layer 
(Front and Back).  
The samples specifications for this part of experiment are shown in Table 3.2. 
 
Sample 
(167 dtex polyester yarns) 
Yarn TPF Value (mm) NP 
S1, S2, S3 Polyester 0 11 
ST1, ST2 Polyester 5.3 11 
 
Table 3.2  Polyester Samples Specification 
 
where 
TPF = True positive feeding system, 
NP = The position of the stitch cam in Stoll Sintral operating system. 
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Figure 3.2 Tubular Sample Zones for Measuring Wale and Course Pitch 
 
where 
FLa = Conjunction of vertical section (Far Left) and Horizontal section of (a), 
NLa = Conjunction of vertical section (Near Left) and Horizontal section of (a), 
MLa = Conjunction of vertical section (Middle Left) and Horizontal section of (a), 
MRa = Conjunction of vertical section (Middle Right) and Horizontal section of (a), 
NRa =Conjunction of vertical section (Near Right) and Horizontal section of (a), 
FRa =Conjunction of vertical section (Far Right) and Horizontal section of (a). 
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Wale and course pitch sizes for samples S1, S2, S3, ST1 and ST2 were measured with 
the help of a projection microscope with (10× ) magnification and is given in Table 
B.1 to Table B.5. For better understanding the summary of the average stitch length, 
coefficient of variation percentage (CV %) and standard deviation for these data were 
illustrated in Table 3.3 and Table 3.4. 
 Figure 3.3, Figure 3.4, Figure 3.5 and Figure 3.6 demonstrate the average wale and 
course pitch data versus different zones for the before mentioned tubular samples. 
Following the study of CV% and average wale and course pitch data individually for 
each layer of tubular samples (Front and Back) within different zones it comes into 
consideration that wales and courses were evenly distributed along the fabric width 
and height. 
The abbreviations used in the tables and figures in this chapter are given below. 
W = Wale pitch which is the distance between two neighbouring wales in a knitted 
structure, 
C = Course pitch which is the distance between two neighbouring courses in a knitted 
structure,        
Front = Side of the tubular fabric knitted on the front needle bed, 
Back = Side of the tubular fabric knitted on the back needle bed. 
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Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.60 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.04 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 2.61 0.00 0.00 2.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.50 1.50 1.50 1.50 1.50 1.38 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.45 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 3.24 31.94 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.36 1.38 1.38 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.04 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.03 3.24 3.24 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.81 2.26 2.26 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 200.65 161.42 161.42 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.50 1.54 1.50 1.50 1.56 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.05 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 3.56 0.00 0.00 3.51 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.50 1.50 1.50 1.50 1.50 1.44 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 3.80 0.00 0.00 0.00 0.00 0.00
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
S3 BACK
W C
W C
(a) to (e)
(a) to (e)
C
W C
S3 FRONT
S1 FRONT
W C
S1 BACK
S2 FRONT
W C
S2 BACK
W
 
Table 3.3  Summary of Average Wale and Course Pitch Data, STDEV and CV% for S1, S2 and S3 
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Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.51 1.50 1.50 1.51 1.51 1.52 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.02 0.00 0.00 0.02 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00
CV% 1.48 0.00 0.00 1.48 1.45 1.80 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.51 1.51 1.51 1.52 1.50 1.52 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.02 0.02 0.02 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
CV% 1.48 1.48 1.48 1.80 1.83 1.80 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.50 1.52 1.57 1.55 1.52 1.53 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.03 0.03 0.04 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 1.80 1.74 2.28 1.80 1.79 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.59 1.60 1.60 1.58 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 1.41 0.00 0.00 1.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
W C
ST2 BACK
W C
(a) to (e)
(a) to (e)
W C
ST2 FRONT
W C
(a) to (e)
(a) to (e)
ST1 FRONT
ST1 BACK
 
 
Table 3.4  Summary of Average Wale and Course Pitch Data, STDEV and CV% for ST1, ST2 
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Figure 3.3  Average Wale Pitch versus Zones for S1, S2 and S3 
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Figure 3.4 Average Course Pitch versus Zones for S1, S2 and S3 
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Figure 3.5  Average Wale Pitch versus Zones for ST1and ST2 
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Figure 3.6 Average Course Pitch versus Zones for ST1, ST2 
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Figure 3.7 Tubular Sample Zones for Stitch Length Measurement 
 
where 
FLa = Conjunction of vertical section (Far Left) and Horizontal section of (a), 
NLa = Conjunction of vertical section (Near Left) and Horizontal section of (a), 
Ma = Conjunction of vertical section (Middle) and Horizontal section of (a), 
NRa =Conjunction of vertical section (Near Right) and Horizontal section of (a), 
FRa =Conjunction of vertical section (Far Right) and Horizontal section of (a). 
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To measure the stitch length, tubular samples were washed and tumble dried followed 
by a steaming process which then conditioned for 24 hours. To reduce the inaccuracy 
caused by human error during the experiment it was decided to remove 16 wales from 
the knitted tubular sample for stitch length measurement with the help of the Shirley 
Crimp Tester MOO4. Stitch lengths data recorded for samples S1, S2, S3, ST1 and 
ST3 are shown in Table B.6 to Table B.10 and summarised in Table 3.5, Table 3.6. It 
does appear that the average stitch length with the TPF yarn delivery system is much 
closer to the target stitch length which is 5.3mm, thus it is possible to reach to a 
certain level of assurance regarding the accuracy of the TPF system.  
On the other hand it could be confirmed that due to higher run-in tension while the 
yarn carriage is moving away from the yarn package (Back needle bed) in positive 
feeding system, the stitch length value is lower on the back needle bed than the stitch 
length knitted in front needle bed. (Figure 3.8, Figure 3.9, Figure 3.10, and Figure 
3.12)    
Studying the above mentioned figures shows that there is less deviation between front 
and back needle bed stitch length value where TPF were utilised, in contrast with the 
fabric knitted without TPF. Also stitch lengths which were measured from the tubular 
fabric knitted with the help of TPF were much closer to set value (5.3mm). 
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Zones F L N L M N R F R FL N L M N R F R
Average (mm) 5.01 5.09 5.10 5.10 5.08 4.88 4.86 5.00 4.90 4.90
STDEV 1.10 0.55 0.55 0.55 0.84 0.71 0.84 0.00 0.89 1.14
CV% 1.37 0.67 0.67 0.67 1.03 0.91 1.08 0.00 1.14 1.45
Average (mm) 5.05 5.14 5.10 5.06 5.03 4.93 4.90 4.95 4.89 4.85
STDEV 0.45 0.84 0.55 0.71 0.89 0.84 1.14 0.84 0.84 0.55
CV% 0.55 1.02 0.67 0.87 1.11 1.06 1.45 1.06 1.07 0.71
Average (mm) 5.06 5.10 5.11 5.08 5.08 4.89 4.86 4.98 4.93 4.86
STDEV 0.00 0.55 0.84 1.10 1.30 0.84 0.45 0.55 0.84 0.45
CV% 0.00 0.67 1.02 1.35 1.61 1.07 0.57 0.69 1.06 0.57
Average (mm) 5.05 5.14 5.15 5.06 5.11 4.88 4.90 4.94 4.89 4.86
STDEV 0.45 1.10 0.55 1.22 0.45 0.71 0.55 1.00 1.10 1.10
CV% 0.55 1.33 0.66 1.51 0.55 0.91 0.70 1.27 1.40 1.41
Average (mm) 5.11 5.09 5.09 5.05 5.06 4.84 4.86 4.95 4.93 4.89
STDEV 0.45 0.89 0.55 1.30 0.71 0.89 0.84 0.84 1.10 0.45
CV% 0.55 1.10 0.67 1.61 0.87 1.15 1.08 1.06 1.40 0.57
Zones F L N L M N R F R FL N L M N R F R
Average (mm) 5.03 4.99 5.08 5.08 5.05 4.87 4.88 4.93 4.93 4.90
STDEV 0.55 1.10 0.84 0.84 1.10 0.45 0.00 0.84 1.30 0.55
CV% 0.68 1.37 1.03 1.03 1.36 0.57 0.00 1.06 1.65 0.70
Average (mm) 4.94 5.03 5.03 5.06 5.04 4.81 4.89 4.96 4.91 4.90
STDEV 1.22 0.89 0.55 0.00 0.55 0.00 0.84 0.55 0.55 0.55
CV% 1.22 0.89 0.55 0.00 0.55 0.00 0.84 0.55 0.55 0.55
Average (mm) 5.00 5.01 5.09 5.02 5.00 4.85 4.93 4.93 4.88 4.85
STDEV 1.73 1.30 0.55 0.84 0.00 0.89 0.84 0.45 0.71 1.14
CV% 2.17 1.63 0.67 1.04 0.00 1.15 1.06 0.57 0.91 1.47
Average (mm) 5.05 5.03 5.03 4.96 4.98 4.83 4.90 4.95 4.90 4.93
STDEV 0.45 0.89 0.55 0.89 0.55 0.45 0.55 0.45 0.55 1.10
CV% 0.55 1.11 0.68 1.13 0.69 0.58 0.70 0.56 0.70 1.39
Average (mm) 5.03 5.08 5.03 5.00 4.99 4.84 4.90 4.93 4.89 4.89
STDEV 1.14 0.45 0.55 1.00 0.45 0.55 1.34 1.30 0.45 1.14
CV% 1.42 0.55 0.68 1.25 0.56 0.71 1.71 1.65 0.57 1.45
Zones F L N L M N R F R FL N L M N R F R
Average (mm) 5.13 5.08 5.13 5.13 5.08 4.86 4.93 4.96 4.91 4.94
STDEV 1.22 0.45 0.00 0.00 0.84 1.30 0.84 0.55 0.55 0.71
CV% 1.49 0.55 0.00 0.00 1.03 1.68 1.06 0.69 0.70 0.90
Average (mm) 5.08 5.14 5.06 5.10 5.04 4.89 4.95 4.98 4.96 4.91
STDEV 0.84 0.45 1.00 0.89 0.89 1.10 0.45 0.55 0.55 0.89
CV% 1.03 0.54 1.23 1.10 1.11 1.40 0.56 0.69 0.69 1.14
Average (mm) 5.06 5.10 5.09 5.08 5.08 4.85 4.89 4.95 4.96 4.91
STDEV 0.71 0.55 0.89 0.84 0.84 0.55 0.45 0.45 0.55 0.55
CV% 0.87 0.67 1.10 1.03 1.03 0.71 0.57 0.56 0.69 0.70
Average (mm) 5.09 5.08 5.09 5.06 5.10 4.86 4.88 4.93 4.89 4.88
STDEV 0.55 0.84 0.89 1.00 0.89 0.84 0.71 0.84 0.45 0.00
CV% 0.67 1.03 1.10 1.23 1.10 1.08 0.91 1.06 0.57 0.00
Average (mm) 5.10 5.09 5.05 5.05 5.08 4.88 4.91 4.94 4.94 4.98
STDEV 0.55 0.55 0.45 0.45 0.45 1.00 0.89 1.00 1.00 0.55
CV% 0.67 0.67 0.55 0.55 0.55 1.28 1.14 1.27 1.27 0.69
e
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Table 3.5  Summary of Average Stitch Length Data, STDEV and CV% for S1, S2 and S3 
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Zones F L N L M N R F R FL N L M N R F R
Average (mm) 5.20 5.40 5.50 5.50 5.50 5.30 5.30 5.40 5.40 5.40
STDEV 0.45 0.55 0.89 0.00 0.00 0.71 0.45 1.00 0.00 0.45
CV% 0.54 0.64 1.02 0.00 0.00 0.84 0.53 1.15 0.00 0.52
Average (mm) 5.20 5.30 5.50 5.40 5.50 5.30 5.40 5.40 5.40 5.40
STDEV 0.55 0.71 0.55 0.84 0.55 1.00 1.00 0.45 0.55 0.45
CV% 0.66 0.83 0.63 0.96 0.63 1.19 1.16 0.52 0.63 0.52
Average (mm) 5.20 5.30 5.50 5.50 5.50 5.30 5.40 5.40 5.40 5.40
STDEV 0.71 1.79 0.89 0.45 0.71 0.45 0.84 0.45 0.55 0.45
CV% 0.85 2.11 1.02 0.52 0.80 0.53 0.98 0.52 0.63 0.52
Average (mm) 5.20 5.40 5.50 5.50 5.50 5.30 5.40 5.40 5.40 5.40
STDEV 0.71 0.45 0.84 0.45 0.89 0.71 0.55 0.71 0.55 0.55
CV% 0.85 0.52 0.96 0.51 1.02 0.84 0.64 0.81 0.63 0.63
Average (mm) 5.20 5.40 5.50 5.40 5.50 5.20 5.40 5.40 5.40 5.30
STDEV 0.55 0.55 0.84 0.71 0.55 0.84 0.84 0.55 0.55 0.55
CV% 0.66 0.64 0.96 0.81 0.63 1.00 0.98 0.63 0.63 0.64
Zones F L N L M N R F R FL N L M N R F R
Average (mm) 5.20 5.40 5.50 5.50 5.50 5.30 5.40 5.50 5.40 5.40
STDEV 0.89 0.45 0.45 0.45 0.45 0.84 1.10 0.84 0.71 0.55
CV% 1.09 0.52 0.51 0.51 0.51 0.99 1.28 0.96 0.82 0.64
Average (mm) 5.10 5.40 5.50 5.50 5.60 5.30 5.30 5.40 5.40 5.40
STDEV 0.45 0.55 0.55 0.55 0.71 0.00 0.55 0.55 0.89 0.55
CV% 0.55 0.64 0.63 0.63 0.79 0.00 0.64 0.63 1.04 0.63
Average (mm) 5.10 5.30 5.50 5.50 5.50 5.20 5.30 5.40 5.40 5.40
STDEV 0.55 2.07 0.89 0.71 0.55 0.84 0.55 0.55 0.89 0.55
CV% 0.67 2.45 1.02 0.80 0.62 1.00 0.64 0.63 1.04 0.63
Average (mm) 5.10 5.40 5.40 5.50 5.50 5.30 5.40 5.40 5.40 5.40
STDEV 0.71 0.55 1.00 0.89 0.55 0.84 0.45 0.55 0.55 0.00
CV% 0.86 0.63 1.15 1.02 0.62 0.99 0.52 0.63 0.63 0.00
Average (mm) 5.10 5.40 5.40 5.50 5.50 5.30 5.40 5.40 5.40 5.40
STDEV 0.00 0.55 0.00 0.55 0.55 0.45 0.84 0.84 0.55 0.45
CV% 0.00 0.64 0.00 0.63 0.63 0.53 0.98 0.96 0.63 0.52
b
c
d
e
ST2
Front Back
a
b
c
d
e
ST1 
Front Back
a
 
Table 3.6 Summary of Average Stitch Length Data, STDEV and CV% for ST1and ST2 
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Figure 3.8 Average Stitch Length Value versus Zones for S1 
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Figure 3.9 Average Stitch Length Value versus Zones for S2 
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Figure 3.10 Average Stitch Length Value versus Zones for S3 
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Figure 3.11 Average Stitch Length Value versus Zones for ST1 
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Figure 3.12 Average Stitch Length Value versus Zones for ST2  
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3.4 Experimental Investigation of Behaviour of ECS  
Tables B.11 to B.19 demonstrate wale and course pitch measurement for three 
different samples (E351, D963A and D963C), which were knitted in tubular shape 
using three different cam settings (NP11, NP12, NP13) for each one of the mentioned 
yarn. The summaries of wale and course pitch measurements were given in Table 3.7, 
Table 3.8and Table 3.9. 
By evaluating the data in these tables and Figure 3.14 to Figure 3.19 individually it 
was realised that the wales and courses are distributed uniformly across the fabric at 
the front and the back of the knitted tubular samples. 
 Table B.20 to table B.28 illustrate the stitch length value for three knitted tubular 
samples with elastomeric yarn, these value were then summarised in Table 3.10, 
Table 3.11 and Table 3.12.  
Studying the stitch length value independently for each sample shows that stitch 
length to some extent is higher on the back (part of tubular fabric knitted on the back 
needle bed), (Figure 3.20, Figure 3.21, Figure 3.22, Figure 3.23, Figure 3.24, Figure 
3.25, Figure 3.26, Figure 3.27 and Figure 3.28). On the other hand it can be verified 
that changing the NP value while knitting elastomeric yarn with the TPF delivery 
system does not affect the stitch quality. In contrast to the TPF stitch length setting 
(3.5mm), stitch length variation is insignificant. 
Figure 3.13 demonstrates the arrangement for the elastomeric tubular samples for the 
purpose of stitch length measurement. 
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La
Lb
Lc
Ma
Mb
Mb
Ra
Rb
Rc
Yarn Delivery Point
Yarn Carrier Movement 
Yarn Carrier Movment
Fabric knitted on Front Needle Bed
Fabric knitted on Back Needle Bed
 
 
Figure 3.13 Tubular Sample Zones for Stitch Length Measurement 
where 
La = Conjunction of vertical section L (Left) and Horizontal section of (a), 
Ma = Conjunction of vertical section M (Middle) and Horizontal section of (a), 
Ra = Conjunction of vertical section R (Right) and Horizontal section of (a). 
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Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.06 1.06 1.00 1.02 1.02 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.05 0.05 0.00 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 5.17 5.17 0.00 4.38 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.02 1.02 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.68 0.70 0.68
STDEV 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.03
CV% 4.38 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.03 1.29 4.03
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.14 1.18 1.20 1.14 1.14 1.18 0.74 0.76 0.70 0.74 0.78 0.76
STDEV 0.05 0.04 0.00 0.05 0.05 0.04 0.05 0.05 0.00 0.05 0.04 0.05
CV% 4.80 3.79 0.00 4.80 4.80 3.79 7.40 7.21 0.00 7.40 5.73 7.21
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.10 1.10 1.12 1.10 1.12 1.10 0.72 0.70 0.71 0.70 0.71 0.71
STDEV 0.00 0.00 0.04 0.00 0.04 0.00 0.03 0.00 0.02 0.00 0.02 0.02
CV% 0.00 0.00 3.99 0.00 3.99 0.00 3.80 0.00 2.53 0.00 3.15 3.15
E351 / NP11 / Front
W C
E351 / NP11 / Back
(a) to (e)
E351 / NP13 / Back
W C
W C
E351 / NP12 / Front
W C
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
E351 / NP12 / Back
W C
E351 / NP13 / Front
W C
 
 
Table 3.7  Summary of Average Wale and Course Pitch Data, STDEV and CV% for E351 
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Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.02 1.00 1.02 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 4.38 0.00 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D963A / NP11 / Front
W C
D963A / NP11 / Back
(a) to (e)
D963A / NP13 / Back
W C
W C
D963A / NP12 / Front
W C
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
D963A / NP12 / Back
W C
D963A / NP13 / Front
W C
 
 
Table 3.8  Summary of Average Wale and Course Pitch Data, STDEV and CV% for D963A 
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Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.04 1.02 1.04 1.04 1.08 1.02 0.70 0.70 0.70 0.70 0.70 0.74
STDEV 0.05 0.04 0.05 0.05 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.05
CV% 5.27 4.38 5.27 5.27 4.14 4.38 0.00 0.00 0.00 0.00 0.00 7.40
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.02 1.00 1.00 0.70 0.72 0.70 0.70 0.70 0.74
STDEV 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.05
CV% 0.00 0.00 0.00 4.38 0.00 0.00 0.00 6.21 0.00 0.00 0.00 7.40
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.75 0.72 0.72 0.70 0.72
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.00 0.04
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.71 6.21 6.21 0.00 6.21
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.72 0.72 0.72
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.21 6.21 6.21
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.02 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL NL ML MR NR FR FL NL ML MR NR FR 
Average (mm) 1.00 1.00 1.00 1.06 1.02 1.00 0.70 0.70 0.70 0.70 0.72 0.72
STDEV 0.00 0.00 0.00 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.04 0.04
CV% 0.00 0.00 0.00 5.17 4.38 0.00 0.00 0.00 0.00 0.00 6.21 6.21
D963C / NP11 / Front
W C
D963C / NP11 / Back
W C
D963C / NP12 / Front
W C
W C
D963C / NP12 / Back
W C
D963C / NP13 / Front
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
(a) to (e)
W C
D963C / NP13 / Back
 
Table 3.9  Summary of Average Wale and Course Pitch Data, STDEV and CV% for D963C 
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Figure 3.14  Average Wale Pitch versus Zones for E351 
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Figure 3.15 Average Course Pitch versus Zones for E351 
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Figure 3.16 Average Wale Pitch versus Zones for D963A 
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Figure 3.17 Average Course Pitch versus Zones for D963A 
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Figure 3.18 Average Wale Pitch versus Zones for D963C (F&B) 
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Figure 3.19 Average Course Pitch versus Zones for D963C 
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Zones L M R L M R
Average (mm) 3.56 3.52 3.59 3.52 3.60 3.72
STDEV 0.99 0.67 0.97 0.67 0.70 0.71
CV% 1.75 1.20 1.69 1.20 1.21 1.19
Average (mm) 3.43 3.44 3.58 3.48 3.56 3.69
STDEV 0.88 1.29 1.14 0.82 0.88 0.94
CV% 1.59 2.34 1.98 1.48 1.54 1.60
Average (mm) 3.43 3.48 3.58 3.52 3.56 3.64
STDEV 0.99 0.70 1.06 1.06 0.94 1.16
CV% 1.81 1.26 1.85 1.88 1.65 1.99
Zones L M R L M R
Average (mm) 3.54 3.59 3.66 3.61 3.61 3.71
STDEV 0.84 0.70 0.84 0.95 0.79 0.82
CV% 1.49 1.22 1.44 1.64 1.36 1.39
Average (mm) 3.51 3.56 3.64 3.53 3.64 3.72
STDEV 0.63 0.82 0.92 0.97 0.79 1.27
CV% 1.13 1.43 1.58 1.72 1.36 2.13
Average (mm) 3.48 3.58 3.58 3.55 3.59 3.66
STDEV 1.17 0.48 1.14 0.92 1.18 1.35
CV% 2.11 0.84 1.98 1.62 2.05 2.31
Zones L M R L M R
Average (mm) 3.53 3.58 3.64 3.64 3.63 3.64
STDEV 0.85 0.79 0.67 0.95 1.20 0.92
CV% 1.50 1.38 1.16 1.63 2.06 1.58
Average (mm) 3.55 3.63 3.60 3.62 3.63 3.62
STDEV 0.79 0.67 0.70 0.99 0.74 1.37
CV% 1.39 1.15 1.21 1.72 1.27 2.37
Average (mm) 3.46 3.58 3.63 3.54 3.63 3.62
STDEV 0.70 0.95 1.15 0.84 0.57 0.74
CV% 1.26 1.66 1.99 1.49 0.98 1.27
E351 NP11
Front Back
a
b
c
E351 NP12
Front Back
a
b
c
E351 NP13
c
Front Back
a
b
 
Table 3.10  Summary of Average Stitch Length Data, STDEV and CV% for E351 
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Figure 3.20  Average Stitch Length Value versus Zones for E351 NP11 
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Figure 3.21 Average Stitch Length Value versus Zones for E351 NP12 
E351 NP13
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Figure 3.22 Average Stitch Length Value versus Zones for E351 NP13 
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Zones L M R L M R
Average (mm) 3.57 3.55 3.56 3.54 3.58 3.60
STDEV 0.74 0.79 0.00 0.95 0.42 0.70
CV% 1.29 1.39 0.00 1.67 0.74 1.21
Average (mm) 3.56 3.54 3.53 3.56 3.58 3.57
STDEV 0.00 0.70 1.07 0.00 0.42 0.32
CV% 0.00 0.57 0.88 0.00 0.34 0.26
Average (mm) 3.56 3.55 3.53 3.57 3.57 3.61
STDEV 0.00 0.42 0.84 0.88 0.32 1.06
CV% 0.00 0.74 1.50 1.53 0.55 1.84
Zones L M R L M R
Average (mm) 3.38 3.49 3.61 3.50 3.56 3.68
STDEV 0.00 0.63 1.49 0.00 0.67 0.57
CV% 0.00 1.13 2.59 0.00 1.17 0.96
Average (mm) 3.38 3.51 3.53 3.47 3.61 3.69
STDEV 0.32 0.32 0.85 0.71 0.92 0.74
CV% 0.58 0.56 1.50 1.27 1.59 1.25
Average (mm) 3.39 3.51 3.57 3.49 3.63 3.73
STDEV 0.42 0.42 1.20 0.57 0.47 0.82
CV% 0.78 0.75 2.10 1.02 0.81 1.38
Zones L M R L M R
Average (mm) 3.47 3.56 3.62 3.58 3.60 3.69
STDEV 0.53 0.57 0.74 0.48 0.70 1.20
CV% 0.95 1.00 1.27 0.84 1.21 2.03
Average (mm) 3.46 3.40 3.60 3.53 3.60 3.72
STDEV 0.70 0.70 0.97 0.53 1.07 1.27
CV% 1.26 1.29 1.68 0.93 1.87 2.13
Average (mm) 3.46 3.49 3.63 3.53 3.56 3.69
STDEV 0.67 0.57 0.88 0.71 0.57 1.25
CV% 1.22 1.02 1.51 1.25 1.00 2.11
c
Front Back
a
b
a
b
c
D963A NP13
b
c
D963A NP12
Front Back
D963A NP11
Front Back
a
 
Table 3.11 Summary of Average Stitch Length Data, STDEV and CV% for D963A 
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Figure 3.23 Average Stitch Length Value versus Zones for D963A NP11 
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Figure 3.24 Average Stitch Length Value versus Zones for D963A NP12 
D963A NP13
3.00
3.10
3.20
3.30
3.40
3.50
3.60
3.70
3.80
3.90
4.00
L M R
Zones
A
v
er
ag
e 
St
itc
h 
Le
n
gt
h(m
m
)
aF bF cF aB bB cB
 
Figure 3.25 Average Stitch Length Value versus Zones for D963A NP13 
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Zones L M R L M R
Average (mm) 3.57 3.69 3.81 3.75 3.79 3.89
STDEV 0.88 1.37 0.99 1.33 1.25 1.14
CV% 1.53 2.32 1.63 2.22 2.06 1.83
Average (mm) 3.51 3.61 3.81 3.74 3.81 3.88
STDEV 0.74 0.95 0.74 0.88 0.74 0.57
CV% 1.32 1.64 1.21 1.46 1.21 0.91
Average (mm) 3.56 3.65 3.85 3.73 3.77 3.88
STDEV 0.99 0.97 0.97 1.06 1.34 0.82
CV% 1.75 1.65 1.57 1.77 2.22 1.32
Zones L M R L M R
Average (mm) 3.63 3.72 3.89 3.79 3.84 3.94
STDEV 1.05 0.71 1.81 0.52 1.26 0.88
CV% 1.82 1.19 2.92 0.85 2.06 1.39
Average (mm) 3.59 3.69 3.83 3.82 3.86 3.91
STDEV 0.84 1.10 1.14 0.57 0.79 1.26
CV% 1.47 1.86 1.86 0.93 1.28 2.02
Average (mm) 3.66 3.71 3.84 3.75 3.86 3.95
STDEV 0.97 0.97 1.07 1.05 1.23 1.14
CV% 1.66 1.63 1.75 1.76 1.99 1.80
Zones L M R L M R
Average (mm) 3.69 3.78 3.81 3.83 3.84 3.90
STDEV 0.82 0.70 0.67 0.82 1.07 0.97
CV% 1.38 1.16 1.09 1.34 1.75 1.55
Average (mm) 3.65 3.75 3.79 3.83 3.80 3.88
STDEV 0.52 1.15 0.82 1.14 0.92 1.10
CV% 0.88 1.92 1.36 1.86 1.51 1.77
Average (mm) 3.66 3.76 3.91 3.71 3.84 3.93
STDEV 0.84 0.79 1.08 0.52 0.97 0.74
CV% 1.44 1.31 1.73 0.87 1.57 1.17
c
Front Back
a
b
a
b
c
D963C NP13
b
c
D963C NP12
Front Back
D963C NP11
Front Back
a
 
Table 3.12 Summary of Average Stitch Length Data, STDEV and CV% for D963C 
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Figure 3.26 Average Stitch Length Value versus Zones for D963C NP11 
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Figure 3.27 Average Stitch Length Value versus Zones for D963C NP12 
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Figure 3.28 Average Stitch Length Value versus Zones for D963C NP13 
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3.5 Mechanical Properties and relaxational properties  
3.5.1 Introduction 
The objective of this experiment is to evaluate the behaviour of Honeycomb structures 
which was knitted with different machine gauges (E14, E18) in terms of physical 
structure and tensile properties. 
Zwick/Roell Z050 tensile tester and Projectina microscope were used respectively to 
study the load-strain behaviour and micro-scale differences. 
The samples (Table 3.13) were tested in a tubular form to overcome the edge curling 
effects and a cyclic-tensile test is carried out for seven samples knitted on E14 and 
seven samples knitted on E18 to understand the mechanical behaviour of fabrics. 
Since there are no standard for elastomeric tubular fabric tensile testing, the ASTM 
standard for testing elastomeric yarn was used. Each specimen is then subjected to 
five cycles of loading-unloading up to 100% extension in the course-wise direction, 
since in general practice the working domain of the elastomeric structure would be 
less then 100% extension[44, 77].  
 
 
 
Figure 3.29  Special Clamp 
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3.5.2 Measurement of Course and Wale Pith for Calculation of 
Tubular Knitted Samples Dimensions  
In order to calculate the number of wales (needles) and the number of courses 
required to produce the tubular test sample with the circumferences of 200mm and 
length of 150mm, it was necessary to measure the wale pitch and course pitch. The 
test samples had to be produced to a defined sample size so that they could be 
mounted on to the special clamp Figure 3.29. For this purpose, two preliminary tests 
samples were knitted on 14 gauge and 18 gauge flat-bed knitting machine; which 
were then washed tumble dried and conditioned for 24 hours. The important fabric 
parameters were calculated and given in Table 3.13. 
Number of Courses 230 Number of Courses 238
Number of Wales (Needels) 160 Number of Wales (Needels) 168
Fabric circumference 200mm Fabric circumference 200mm
Fabric Length 150mm Fabric Length 150mm
Course Pitch 0.65mm Course Pitch 0.63mm
Wale Pitch 1.24mm Wale Pitch 1.18mm
Smple knitted on E14 Flat-Bed knitting Machine Smple knitted on E18 Flat-Bed knitting Machine
 
Table 3.13  Important Fabric Parameter of the samples 
3.5.3 Evaluation of Wale and Course Pitch for the tubular Fabric 
Knitted on Two Different Machine Gauge (E14 and E1 8) 
The wale and course pitch measurements were carried out by using the Projectina 
microscope, to minimise any error while measuring course pitch. Therefore, it was 
decided to measure the height of 15 courses and calculating the average value. A 
similar approach was adopted for measuring the wale pitch by selecting 7 wales. All 
the measurements were carried out in the centre of the sample with 10 readings from 
each fabric layer (front and back) of the tubular samples. 
 Table 3.14 shows that the courses and wales pitch data are satisfactory, since they are 
the same in the most area as it was measured in Table 3.13.  
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T e s t N u m b e r L e n g th  ( m m ) T e s t N u m b e r L e n g t h  (m m ) T e s t  N u m b e r L e n g th  (m m ) T e s t N u m b e r L e n g t h  (m m )
1 9 .6 1 1 9 . 7 5 1 9 .9 6 1 9 . 9 7
2 9 .5 8 2 9 . 6 7 2 9 .9 4 2 9 . 9 6
3 9 .5 3 3 9 . 6 0 3 9 .7 2 3 9 . 9 8
4 9 .5 7 4 9 . 0 1 4 9 .3 5 4 9 . 9 5
5 9 .6 5 5 9 . 1 4 5 9 .9 2 5 9 . 9 4
6 9 .3 0 6 9 . 2 2 6 9 .7 7 6 9 . 6 8
7 9 .3 8 7 9 . 8 2 7 9 .3 4 7 9 . 9 3
8 9 .5 0 8 9 . 5 3 8 9 .4 7 8 9 . 2 5
9 9 .4 7 9 9 . 6 5 9 9 .9 0 9 9 . 2 4
1 0 9 .6 0 1 0 9 . 1 3 1 0 9 .9 5 1 0 1 0 .0 3
A v e r a g e 9 .5 2 A v e ra g e 9 . 4 5 A v e ra g e  9 .7 3 A v e r a g e 9 . 7 9
C o u r s e  P i tc h  0 .6 3 C o u r s e  P i t c h  0 . 6 3 C o u rs e  P i t c h  0 .6 5 C o u r s e  P it c h  0 . 6 5
T e s t N u m b e r L e n g th  ( m m ) T e s t N u m b e r L e n g t h  (m m ) T e s t  N u m b e r L e n g th  (m m ) T e s t N u m b e r L e n g t h  (m m )
1 8 .2 7 1 7 . 9 5 1 8 .7 3 1 8 . 4 4
2 8 .3 6 2 8 . 0 0 2 8 .6 2 2 8 . 4 1
3 8 .1 6 3 8 . 0 3 3 8 .6 0 3 8 . 3 3
4 8 .1 5 4 7 . 9 9 4 8 .6 2 4 8 . 3 6
5 8 .2 5 5 7 . 9 7 5 8 .5 9 5 8 . 2 4
6 8 .3 9 6 7 . 9 8 6 8 .6 2 6 8 . 3 1
7 8 .2 7 7 7 . 9 7 7 8 .5 5 7 8 . 2 9
8 8 .3 4 8 8 . 0 2 8 8 .6 9 8 8 . 3 3
9 8 .2 6 9 7 . 9 8 9 8 .7 1 9 8 . 3 3
1 0 8 .2 7 1 0 8 . 0 1 1 0 8 .7 5 1 0 8 . 3 9
A v e r a g e 8 .2 7 A v e ra g e 7 . 9 9 A v e ra g e 8 .6 5 A v e r a g e 8 . 3 4
W a le  P i t c h 1 .1 8 W a le  P i t c h 1 . 1 4 W a le  P i t c h 1 .2 4 W a le  P i t c h 1 . 1 9
W a le  P it c h W a le  P i tc h
F ro n t B a c k F r o n t B a c k
D 9 6 3 A  E 1 8 D 9 6 3 A  E 1 4
D 9 6 3 A  E 1 4
F r o n t B a c k
C o u rs e  P i t c h  
D 9 6 3 A  E 1 8
B a c kF ro n t
C o u r s e  P i tc h  
 
Table 3.14 Course and Wales pitch Data for D963A 
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3.5.4 Tensile behaviour  
3.5.4.1 Honeycomb Structure Knitted In 14 Gauge Machine 
Figure 3.30 shows the cyclic-tensile behaviour of a Honeycomb elastomeric structure 
undergoing five cycles up to 100% extension in course-wise direction. This structure 
showed around 23% permanent-set after 5 cycles. The test was carried out for 7 
samples and as a result the force which is required to achieve 100% strain is found to 
be approximately 67N.All these values were average values of seven samples. 
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Figure 3.30 Load-Strain Behaviour of a Honeycomb Elastomeric Structure Knitted in E14 
 
3.5.4.2 Honeycomb Structure Knitted In 18 Gauge Machine 
Figure 3.31 shows the tensile behaviour of a Honeycomb elastomeric structure 
undergoing five cycles up to 100% extension. This structure showed around 26% 
permanent-set after 5 cycles. The test was carried out for 7 samples and as a result the 
  
109 
force which is required to achieve 100% strain is found to be approximately 75N. All 
these values were average values of seven samples. 
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Figure 3.31 Load-Strain Behaviour of a Honeycomb Elastomeric Structure Knitted in E18 
 
3.5.4.3 Comparison of tensile behaviour of E14 and E18 
Figure 3.32 shows the cyclic-tensile behaviour of both elastomeric structures (E14 
and E18) up to 100% extension in the course-wise direction, and both fabrics having 
the number of courses and wales mentioned in Table 3.13. Due to higher fabric 
density in tubular fabric knitted in 18 gauge machine than knitted in 14 gauge 
machine, while the physical dimensions of the both samples are the same, it is clear 
that the force needed to achieve 100% extension is higher in samples knitted in E18. 
At the same time, it can be noted that permanent set of the E14 is lower that E18. 
Therefore, E14 samples are relatively dimensionally more stable fabrics than the E18 
samples.  
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Since there is a jamming effect in both directions at crossover points in the head and 
the legs of the stitch, the yarn is not free to move through the crossover points, 
therefore, the diagonal yarn floats of the tuck loops contribute more to fabric 
deformation than the needle loop. 
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Figure 3.32  Load-strain Plot for Honeycomb structure with two different machines Gauge (E14 
and E18) 
 
3.5.4.4 Evaluation of relaxation properties of E14 and E18 after undergoing 
100 % extension  
The objective of this experiment is to evaluate the relaxation behaviour of honeycomb 
structure, after undergoing 100% extension in course-wise direction. Since the fabric 
were extended up to 100 percent for the purpose of evaluation of mechanical 
properties, after removing the tubular fabric from the special clamp Figure 3.29, at 
three stages the course pitch and wale pitch were measured. Four samples were 
selected from each set of specimens (E14 and E18). 
The course pitch and wale pitch were measured, following the removal of the samples 
from tensile tester, for the first stage of the trial (zero hours). Subsequent to leaving 
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the samples for three hours the second set of data was collected, finally followed by 
six hours relaxation the last set of data has been collected. Table B1.21 to B1.26 
demonstrate the course pitch and wale pitch which were measured at three different 
periods of time. For better understanding, the average course height and wale width 
were plotted against the set value which is the initial measurement after washing, 
tumble drying and conditioning. As it can be seen in Figure 3.33, Figure 3.34, Figure 
3.35 and Figure 3.36 after 6 hours relaxing the fabric dimensions were seen to return 
to original height and width.  
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Figure 3.33  E14 Course Pitch Relaxation 
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Figure 3.34 E14 Wales pitch Relaxation 
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Figure 3.35 E18 Course Height Relaxation Data 
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E18 
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Figure 3.36 E18 Wales Width Relaxation Data 
 
3.6 Discussion  
The ‘Scan2Knit’ technology was invented to produce engineered compression 
stockings on gauge 18 Stoll CMS computerised flat-bed knitting machines. However, 
due to commercial considerations, the licensee of the technology switched the 
manufacture to a coarser gauge machine platform, which resulted in redesigning of 
the positive yarn delivery system TPF. This chapter presented the investigation of the 
performance of the new TPF system (By adjusting the feed rate for E14) developed 
for gauge 14 Stoll CMS machines and the honeycomb knitted structure produced with 
the new machinery. Tubular knitted fabrics were produced to the full knitting width 
on the machine and compared with fabrics knitted on the gauge 18 Stoll CMS 
machine. The analysis consisted of: 
 
• Evaluation of wale and course pitch of the honeycomb tubular knitted fabrics 
knitted on gauge 14; 
• Comparison of wale and course pitch of fabrics knitted on two different 
machine gauges (E14 and E18); 
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• Analysis of honeycomb structure produced with three different double covered 
elastomeric yarns and different cam settings;  
• Comparison of tensile behaviour of tubular honeycomb knitted structure 
produced on 14 gauge with those knitted on 18 gauge machine; 
• Analysis of the relaxation behaviour of honeycomb knitted structure produced 
on 14 and 18 gauge machines. 
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Chapter 4 Study of Accuracy of Pressure Measurement  
4.1 Introduction  
The accuracy of the pressure measurement under the compression fabric will depend 
on the use of equipment which is appropriate to measure the interface pressure. 
Several pressure measuring equipment are commercially available for measuring the 
interface pressure and it is very important to select the most accurate and accessible 
equipment for the research. Lists of available pressure measuring system are cited in 
Chapter 2, however after detailed study of different pressure monitoring techniques 
which is documented in Chapter 2, a decision was made to use the Oxford Pressure 
Monitor (OPM) for creating the numerical data base required to design ECS. As such 
it was decided to utilise the OPM for the measurement of interface pressure in the 
present research. The description of the principle of operation of OPM was mentioned 
in literature survey (sub-section 2.4.3.1). 
 
4.1.1 OPM Calibration 
To measure the interface pressure by the OPM interface pressure measuring device, it 
is required to follow the manufacturer’s instructions to calibrate the pressure sensors 
at 0 mmHg and also at 100mmHg. The calibration unit consist of a wooden box and a 
PVC bladder Figure 4.1, and a pressure gauge connected to a hand pump which 
connects to the PVC Bladder (Figure 4.2)[78]. 
The calibration procedures of OPM pressure sensors recommended by the 
manufacturer (Talley Group Ltd.) is described in the OPM manual which is available 
in appendix A. 
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PVC  B ladder
W ooden B ox 
 
Figure 4.1 Wooden Box and PVC Bladder 
 
Pressure Gauge
Hand Pump
 
 
Figure 4.2  Pressure Gauge 
4.1.2 Study of behaviour of Pressure Gauge against Manometer   
Prior to calibration of the OPM, it is required to check the accuracy of the pressure 
gauge (Figure 4.2), since the OPM pressure sensors are calibrated against the pressure 
gauge in a later stage. Hence, it was decided to study the pressure gauge behaviour 
against the manometer. Therefore, the pressure gauge was connected to the 
manometer and the pressure was increased gradually up to 60mmHg with the help of 
the hand pump connected to the pressure gauge. Resulting pressure was monitored for 
the pressure gauge and the manometer at each stage, which is given in Table 4.1 and 
Figure 4.3.  
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1 - 5 . 0 0 0 . 0 0
2 0 . 0 0 4 . 0 0
3 5 . 0 0 1 0 . 0 0
4 7 . 0 0 1 2 . 0 0
5 9 . 0 0 1 4 . 0 0
6 1 2 . 0 0 1 6 . 0 0
7 1 4 . 0 0 1 8 . 0 0
8 1 6 . 0 0 2 0 . 0 0
9 2 0 . 0 0 2 2 . 0 0
1 0 2 0 . 0 0 2 4 . 0 0
1 1 2 2 . 0 0 2 6 . 0 0
1 2 2 4 . 0 0 2 8 . 0 0
1 2 2 6 . 0 0 3 0 . 0 0
1 4 2 6 . 0 0 3 2 . 0 0
1 5 2 8 . 0 0 3 4 . 0 0
1 6 3 0 . 0 0 3 6 . 0 0
1 7 3 4 . 0 0 3 8 . 0 0
1 8 3 5 . 0 0 4 0 . 0 0
1 9 3 8 . 0 0 4 2 . 0 0
2 0 4 0 . 0 0 4 4 . 0 0
2 1 4 2 . 0 0 4 6 . 0 0
2 2 4 3 . 0 0 4 8 . 0 0
2 3 4 5 . 0 0 5 0 . 0 0
2 4 4 8 . 0 0 5 2 . 0 0
2 5 4 9 . 0 0 5 4 . 0 0
2 6 5 1 . 0 0 5 6 . 0 0
2 7 5 3 . 0 0 5 8 . 0 0
2 8 5 5 . 0 0 6 0 . 0 0
M a n o m e t e r  D a t a  ( m m H g ) P r e s s u r e  G a u g e  D a ta  ( m m H g )T e s t  N u m b e r
 
Table 4.1 Pressure Gauge and Manometer Calibration Data 
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Figure 4.3 Calibration curve (Manometer vs. Pressure Gauge) 
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4.1.3 Study of Behaviour of OPM pressure sensors against Pressure 
Gauge   
Since during the calibration process it is possible to calibrate only one pressure sensor 
at a time, against the pressure gauge, it was decided to study the behaviour of other 
pressure sensors toward each other and also against the pressure gauge after 
calibration. Hence, after calibrating the OPM, six pressure sensors (S1 to S6) were 
selected; this selection style is due to a limited space between the folded PVC Bladder. 
The next stage was to locate the selected pressure sensors inside the PVC bladder and 
increase the pressure gradually by inflating the folded Bladder with the help of the 
hand pump connected to the pressure gauge (Figure 4.2) up to the 60mmHg. The built 
up pressure inside the PVC Bladder was monitored for further study and is shown in 
Table 4.2.  
S1(mmHg) S2(mmHg) S3(mmHg) S4(mmHg) S5(mmHg) S6(mmHg)
0.00 0.00 0.00 0.00 0.00 0.00 0.00
10.00 7.00 7.00 5.00 6.00 4.00 7.00
12.00 8.00 8.00 8.00 7.00 6.00 8.00
14.00 9.00 11.00 9.00 13.00 9.00 13.00
16.00 14.00 15.00 12.00 16.00 14.00 17.00
18.00 15.00 20.00 14.00 16.00 15.00 18.00
20.00 20.00 21.00 21.00 20.00 17.00 20.00
22.00 22.00 22.00 22.00 22.00 18.00 22.00
24.00 24.00 24.00 24.00 24.00 21.00 24.00
26.00 26.00 26.00 25.00 26.00 22.00 25.00
28.00 28.00 28.00 28.00 29.00 26.00 27.00
30.00 30.00 32.00 31.00 31.00 26.00 30.00
32.00 32.00 33.00 32.00 31.00 30.00 32.00
34.00 33.00 34.00 33.00 33.00 30.00 33.00
36.00 36.00 36.00 36.00 35.00 33.00 36.00
38.00 38.00 39.00 39.00 38.00 36.00 38.00
40.00 40.00 41.00 41.00 39.00 39.00 40.00
42.00 41.00 42.00 42.00 40.00 39.00 42.00
44.00 43.00 45.00 43.00 42.00 41.00 43.00
46.00 47.00 48.00 47.00 44.00 43.00 45.00
48.00 48.00 50.00 49.00 48.00 46.00 49.00
50.00 50.00 51.00 52.00 50.00 46.00 50.00
52.00 53.00 53.00 53.00 52.00 51.00 53.00
54.00 54.00 55.00 55.00 54.00 52.00 54.00
56.00 56.00 57.00 56.00 55.00 53.00 56.00
58.00 58.00 58.00 56.00 56.00 54.00 56.00
60.00 60.00 60.00 58.00 57.00 57.00 60.00
OPM Data (mmHg) pressure 
gauge 
Value 
(mmHg)
 
Table 4.2 Pressure Gauge value versus OPM pressure sensors value 
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4.1.4 Calibration of OPM data against Manometer and validation of 
the calibration process  
A computer program was developed to process the data and calibrate the OPM 
pressure value against the manometer. Therefore; with the help of this program the 
operator can determine the correct pressure value for S1 to S6. (Appendix C). 
Pressure data which were recorded previously (see Table 4.1 and Table 4.2) are input 
data files to the software which is developed to generate the calibrated pressure data 
against manometer. To validate the OPM pressure values against the Manometer it 
was decided to evaluate the OPM pressure values before and after the calibration 
processes. As it can be seen in Table 4.3 and Figure 4.4, the OPM pressure values 
show high variation toward the manometer values. 
 
S1(mmHg) S2(mmHg) S3(mmHg) S4(mmHg) S5(mmHg) S6(mmHg)
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10.00 7.00 7.00 5.00 6.00 4.00 5.00 5.67 1.21 1.27 21.37
12.00 8.00 8.00 8.00 7.00 6.00 8.00 7.50 0.84 0.88 11.16
14.00 9.00 8.00 9.00 10.00 9.00 11.00 9.33 1.03 1.09 11.07
16.00 14.00 15.00 12.00 16.00 14.00 17.00 14.67 1.75 1.84 11.94
18.00 15.00 21.00 14.00 16.00 15.00 14.00 15.83 2.64 2.78 16.67
20.00 20.00 21.00 21.00 19.00 17.00 16.00 19.00 2.10 2.21 11.04
22.00 22.00 22.00 21.00 20.00 17.00 22.00 20.67 1.97 2.07 9.51
24.00 24.00 24.00 24.00 24.00 21.00 24.00 23.50 1.22 1.29 5.21
26.00 26.00 26.00 25.00 26.00 22.00 25.00 25.00 1.55 1.63 6.20
28.00 28.00 26.00 25.00 28.00 26.00 27.00 26.67 1.21 1.27 4.54
30.00 30.00 32.00 31.00 31.00 26.00 30.00 30.00 2.10 2.21 6.99
32.00 32.00 33.00 32.00 31.00 30.00 32.00 31.67 1.03 1.09 3.26
34.00 33.00 32.00 31.00 30.00 28.00 29.00 30.50 1.87 1.97 6.13
36.00 36.00 36.00 36.00 35.00 33.00 36.00 35.33 1.21 1.27 3.43
38.00 38.00 39.00 40.00 38.00 36.00 37.00 38.00 1.41 1.49 3.72
40.00 40.00 41.00 41.00 39.00 36.00 40.00 39.50 1.87 1.97 4.74
42.00 41.00 42.00 42.00 40.00 38.00 42.00 40.83 1.60 1.68 3.92
44.00 43.00 45.00 43.00 42.00 39.00 43.00 42.50 1.97 2.08 4.65
46.00 47.00 48.00 47.00 44.00 43.00 45.00 45.67 1.97 2.07 4.31
48.00 48.00 50.00 49.00 48.00 46.00 49.00 48.33 1.37 1.44 2.83
50.00 50.00 51.00 52.00 50.00 46.00 50.00 49.83 2.04 2.15 4.10
52.00 53.00 53.00 53.00 52.00 51.00 53.00 52.50 0.84 0.88 1.59
54.00 54.00 55.00 55.00 54.00 52.00 54.00 54.00 1.10 1.15 2.03
56.00 56.00 57.00 55.00 54.00 53.00 53.00 54.67 1.63 1.72 2.99
58.00 58.00 58.00 56.00 57.00 52.00 55.00 56.00 2.28 2.40 4.07
60.00 60.00 59.00 57.00 56.00 57.00 55.00 57.33 1.86 1.96 3.25
S = OPM Sensor
STDEVA CI CV%
OPM Value (mmHg)Manometer 
Value  
(mmHg)
Average 
(mmHg)
 
Table 4.3 OPM Pressure Values versus Manometer Values 
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Figure 4.4 OPM Pressure Values versus Manometer Values 
Data on the validation of the computer program for calibration is given in the Table 
4.4 and Figure 4.5 below. 
S1                            
(mmHg)
S2
(mmHg)
S3   
(mmHg)
S4   
(mmHg)
S5   
(mmHg)
S6   
(mmHg)
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10.00 8.00 7.00 8.00 8.00 7.00 8.00 7.67 0.52 0.54 6.74
12.00 10.00 9.00 10.00 9.00 12.00 10.00 10.00 1.10 1.15 10.95
14.00 12.00 12.00 13.00 13.00 11.00 12.00 12.17 0.75 0.79 6.19
16.00 14.00 14.00 15.00 16.00 15.00 15.00 14.83 0.75 0.79 5.07
18.00 16.00 17.00 16.00 17.00 15.00 18.00 16.50 1.05 1.10 6.36
20.00 20.00 18.00 19.00 20.00 18.00 19.00 19.00 0.89 0.94 4.71
22.00 22.00 21.00 20.00 21.00 21.00 22.00 21.17 0.75 0.79 3.56
24.00 24.00 24.00 24.00 24.00 23.00 24.00 23.83 0.41 0.43 1.71
26.00 26.00 26.00 26.00 25.00 24.00 23.00 25.00 1.26 1.33 5.06
28.00 28.00 28.00 27.00 27.00 27.00 26.00 27.17 0.75 0.79 2.77
30.00 30.00 30.00 29.00 29.00 28.00 27.00 28.83 1.17 1.23 4.05
32.00 32.00 31.00 31.00 31.00 30.00 30.00 30.83 0.75 0.79 2.44
34.00 33.00 34.00 33.00 33.00 32.00 34.00 33.17 0.75 0.79 2.27
36.00 36.00 36.00 35.00 35.00 35.00 36.00 35.50 0.55 0.58 1.54
38.00 38.00 37.00 37.00 38.00 37.00 37.00 37.33 0.52 0.54 1.38
40.00 40.00 40.00 40.00 39.00 39.00 40.00 39.67 0.52 0.54 1.30
42.00 41.00 42.00 41.00 41.00 40.00 41.00 41.00 0.63 0.67 1.54
44.00 43.00 43.00 42.00 43.00 42.00 44.00 42.83 0.75 0.79 1.76
46.00 45.00 46.00 46.00 44.00 43.00 45.00 44.83 1.17 1.23 2.61
48.00 46.00 47.00 46.00 47.00 46.00 47.00 46.50 0.55 0.58 1.18
50.00 50.00 48.00 49.00 49.00 48.00 50.00 49.00 0.89 0.94 1.83
52.00 52.00 52.00 51.00 52.00 51.00 52.00 51.67 0.52 0.54 1.00
54.00 54.00 53.00 53.00 52.00 53.00 54.00 53.17 0.75 0.79 1.42
56.00 56.00 55.00 55.00 54.00 54.00 56.00 55.00 0.89 0.94 1.63
58.00 58.00 57.00 56.00 58.00 56.00 57.00 57.00 0.89 0.94 1.57
60.00 60.00 59.00 58.00 59.00 58.00 60.00 59.00 0.89 0.94 1.52
 Manometer 
Value  
(mmHg)
OPM Value (mmHg)
S = OPM Pressure Sensor
Average 
(mmHg) STDEVA CI CV%
 
Table 4.4 Calibrated OPM Pressure Value against Manometer Values 
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Figure 4.5  Calibrated OPM Pressure Value versus Manometer Values 
 
Table 4.4 and Figure 4.5 give validation details of the calibrated OPM pressure values 
against manometer. It is clear that the OPM pressure values become reasonably close 
to the manometer pressure value and also show less variation between the OPM 
pressure values in comparison to the OPM pressure value before calibration process. 
Hence, it was decided to use the calibration process described above for the purpose 
of calibration of the OPM pressure sensors. 
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4.2 Theoretical and measured pressure value comparison  
4.2.1 Derivation of the pressure function 
When a fabric is stretched uniaxially over a cylindrical surface of radius of curvature 
ρ (Figure 4.6) the resulting pressure on the surface can be derived as given below. 
 
Figure 4.6 Sketch of Fabric Tensioned Over a Radius 
 
Notations: 
 T  = Tension of fabric, in the direction of the curvature ( )N  
Tδ  = Minute increment of the tension in the length direction ( )N  
δθ  = Minute contact angle increment in the fabric strip (Radians) 
NR  = Normal reaction on the fabric segment ( )N  
ρ  = Radius of curvature of the fabric segment (m) 
P  = Pressure 2( )Nm−  
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Considering the segment of the fabric subtending an angle δθ  at the radius of 
curvature ρ , assuming that there are no forces perpendicular to the plane of the sketch, 
the fabric tension is in equilibrium under the forces,T , T Tδ+  and NR . 
Before the fabric strip moves, the frictional force between the fabric and the surface is 
proportional to the reactive force NR , with the proportionality constant being the static 
coefficient of friction of sµ ,  
s NF Rµ=  (4.1) 
 
( ) ( ) ( )cos / 2 cos / 2s NR T T Tµ δ δθ δθ= + −  (4.2) 
 
( )cos / 2s NR Tµ δ δθ∴ =  (4.3) 
Since  ( )cos / 2 1δθ →    as / 2 0δθ →  
s NR Tµ δ=  (4.4) 
 
( ) sin sin
2 2N
R T Tδθ δθδθ       
   
= + × + ×  (4.5) 
For minute values ofδθ , 
2
sin
2
δθδθ 
 
 
=   
2
0
2 2 2
T Tδθ δθ δθ+ + →  (4.6) 
Therefore, 
NR Tδθ∴ =  (4.7) 
 
Considering equations (4.4) and (4.7), 
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s
TT δδθ
µ
=  (4.8) 
 
s
T
T
δµ δθ =  (4.9) 
 
2
10
T
s
T
dTd
T
δθ
µ θ =∫ ∫  (4.10) 
 
2
1
lns
T
T
µ δθ =  (4.11) 
 
2
1
T
e
T
µ δθ∴ =  (4.12) 
 
Equation (4.12) defines the increase of tension in the fabric strip over the curvature. 
The pressure (P) at this point can be calculated by the following equation, 
TP
t
δθ
ρ δθ=  (4.13) 
 
Where ‘ t ’ is the width of the fabric strip. Hence,   
TP
tρ
=  (4.14) 
 
4.2.2 Introductions and Methodology of test procedure   
It is necessary to make a comparison between the pressure values which measured by 
OPM and the pressure value calculated based on equation (4.14). To verify this, a test 
procedure was developed to calculate theoretical pressure value while measuring the 
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interface pressure value by OPM at the same time (Figure 4.7). The test apparatus 
consists of a metal cylinder with the radius of curvature of (20.7mm), OPM pressure 
sensing unit mounted on the cylinder, a strip of plain woven fabric (Naylon6.6 with 
29ends×29picks per cm) and few number of weights. To minimise the error caused 
due to the stretching of the fabric strip when subjected to a defined tension a woven 
fabric was utilised in the experimental analysis. The fabric strip was so arranged to   
cover only the OPM pressure sensing area at all the time during the experimentation. 
On the other hand the tension in the fabric strip was altered by increasing the weights.   
 
Figure 4.7 Developed Test Apparatus 
where 
P   = Pressure ( )2Nmm− , 
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ρ  = Radius of curvature of cylinder ( )mm , 
t     = Width of the fabric strip ( )mm , 
=T Tension in the fabric strip (N), 
With the help of equation 4.14 it is possible to theoretically calculate the tension of 
the fabric strip in the direction of the curvature while the fabric strip was pulled down 
on either side by applying a known weight. 
The unit of the theoretical pressure value calculated with equation (4.14) was Newton 
per square meter which needs to be converted to the mmHg as the OPM pressure 
value is displayed in mmHg , 
The conversion factor is 
1 2Nmm−  = 7500.616 mmHg (4.15) 
 
The experimentation results are given in Table 4.5. 
 
Mass (gr) T=(m /1000)×9.817(N) ρ (mm) t(mm) P1(mmHg) P2 (mmHg)
10.00 0.10 20.70 20.00 1.50 1.00
20.00 0.20 20.70 20.00 3.75 4.00
30.00 0.30 20.70 20.00 5.25 6.00
50.00 0.49 20.70 20.00 9.00 8.00
60.00 0.59 20.70 20.00 10.50 10.00
70.00 0.69 20.70 20.00 12.75 11.00
P1 =Theoretical Pressure Value (mmHg)
P2 = Experimenatl pressure Value (mmHg)
 
Table 4.5 Pressure value Comparison Table 
 
As it can be seen in Table 4.5 the theoretical pressure value and measured pressure 
value are significantly close, considering the error margin of (±5 mmHg) specified by 
Oxford Pressure Monitor manufacturer.    
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4.3 Study of Effect of Radius of Curvature on Pressure Measurement  
Calibration of the Oxford Pressure Monitor sensors, as advised by the manufacturer, 
is carried out on a flat surface. Hence it is logical to assume that the use of sensors on 
a curved surface may introduce a variation in the observe reading for the same radius 
of curvature. Therefore it is important to carry out an experiment to determine the 
lowest radius of curvature at which the OPM sensors should be used. Since the test rig 
used during this research is the Cone Shape Sample Stretcher (CSS), to visualise the 
maximum degree of variation in the readings, the first CSS with the lowest 
circumference value (Figure 5.3) was used.    
For this experiment eight radius of curvatures were selected from, as small as 11.62 
mm up to 30.41 mm to mount the pressure sensor and measured the pressure value. 
The experiment was repeated six times for each radius of curvature Table 4.6. 
In addition confidence intervals were calculated for the average pressure value (Table 
4.6), and also for better understanding it was plotted against ROC in Figure 4.8. 
 
S1 191.00 30.41 3.00 3.00 3.00 3.00 2.00 3.00 2.83 0.41 0.43
S2 174.00 27.71 3.00 4.00 3.00 3.00 3.00 3.00 3.17 0.41 0.43
S3 159.50 25.40 4.00 4.00 4.00 3.00 4.00 4.00 3.83 0.41 0.43
S4 146.50 23.33 5.00 5.00 5.00 4.00 4.00 5.00 4.67 0.52 0.54
S5 128.50 20.46 5.00 6.00 6.00 6.00 5.00 5.00 5.50 0.55 0.58
S6 114.50 18.23 7.00 6.00 6.00 7.00 8.00 7.00 6.83 0.75 0.79
S7 91.00 14.49 9.00 11.00 12.00 12.00 10.00 13.00 11.17 1.47 1.55
S8 73.00 11.62 26.00 25.00 23.00 29.00 24.00 22.00 24.83 2.48 2.61
S P1 P2 P3ROC(mm) CIAverage   C (mm) STEDV
Pressure (mmHg)
P4 P5 P6
 
 
Table 4.6  Different Sensor Position Pressure Measurement 
where 
S= sensor position, 
C= Circumference (mm), 
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ROC = Radius f curvature (mm), 
P = Pressure (mmHg), 
STDEV= Standard deviation,  
CI = confidence interval. 
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Figure 4.8  Pressure Profile versus Radius of Curvature (at different Sensor Positions) 
 
As it can be seen in Figure 4.8, by reducing the radius of curvature, the confidence 
intervals were increased which shows that at the smaller radius of curvature the 
difference between the pressure values P1 to P6 was higher. Hence, it was decided to 
limit the radius of curvature to 16mm in order to minimise the error caused due to the 
bending of the pressure sensor, on the surface of conical shape sample stretcher (CSS).  
4.4 Discussion 
This chapter presented the investigation of the accuracy of the Oxford Pressure 
Measuring system (OPM). The focus of the research was to calibrate the OPM sensors 
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against each other and finally against the manometer pressure. The research also 
focused on the validation process for calibrating the OPM sensors. 
The research described in this chapter shows that it is likely to make a comparison 
between the experimental data (OPM value), and theoretical pressure value calculated 
with the help of a mathematical formula explained in the chapter. Also, explains the 
test procedure which developed to be able to evaluate the experimental and theoretical 
pressure values. 
The experimental analysis was carried out under the assumption that the pressure 
value would be inaccurate if the OPM sensor embedded on the curved surface with 
the low radius of curvature. This analysis led to the introduction of minimum radius of 
curvature which the OPM sensor could be embedded on to.     
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Chapter 5 Development of the Pressure testing Apparatus 
5.1 Introduction  
The 3D pressure profile generated by the ECS (engineered compression stocking), 
when worn by the patient, will depend on an empirical database, which defines the 
relationship between the strain percentage of the knitted structure, the ROC (radius of 
curvature), and the pressure at the point of ROC. Therefore the stocking would deliver 
the appropriate pressure only if the knitted structure of the ECS has been produced in 
compliance to the empirical database; i.e. the knitted fabric structure must be tested 
for compliance with the relationship between the contact pressure, the ROC and the 
strain percentage of the ECS at ROC point pressure which is in the empirical database. 
As stated earlier the engineered compression stocking is produced by using a double 
covered elastomeric yarn at predefined constant stitch length. As such the empirical 
databases need to be created for different double covered yarns and stitch lengths. 
Therefore, it was decided to simplify the procedure for the generation of the empirical 
database as well as the development of a procedure to test each ECS prior to use by 
the patient.  
The current method of generation the empirical database which explained below is a 
time consuming process. Hence, a new simplified procedure to generate the empirical 
database with the help of a new test apparatus was developed. 
In order to generate the empirical database with the technique defined by Fernando  [1] 
in his thesis, 30 sets of knitted tubular samples with the circumferences between 
75mm and 596mm need to be produced on a computerised flat-bed knitting machine 
equipped with the TPF system. All samples are washed at 40oC, tumble dried and 
conditioned for 24 hours prior to testing. It is necessary to use approximately 30 
different cylinders of different circumferences so that the knitted tubular samples 
could be stretched up to 100% in order to measure the contact pressure between the 
samples and the cylinder surface. 
 After preparing the samples for testing, the cylinder of the least circumference is 
covered up by the first sample, which has a smaller circumference than the cylinder, 
along with an OPM pressure sensor located in between the sample and the cylinder 
surface in order to measure the interface pressure. The same tubular knitted sample is 
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tested on different cylinders until 100 percent strain percentage is achieved. For each 
cylinder the strain percentage of the tubular knitted sample was calculated along with 
the interface pressure which was measured with the OPM. This procedure is repeated 
for all the knitted tubular samples[1]. The strain percentage at the point of ROC is 
calculated with the equation given below.       
                                                    
% 100C F
F
C CStrain
C
 −
= × 
 
 (5.1) 
where 
CC   = Cylinder circumference, 
FC   = Circumference of the knitted tubular sample. 
Finally the interface pressure, the ROC (based on the cylinder diameter) and the 
calculated strain percentage data are used to generate the empirical pressure profile 
database. 
 
5.2 Design Concept of the New Procedure 
The engineered compression stocking (ECS) is manufactured to provide a precise 
three dimensional pressure profile, it is essential to develop a test method to measure 
the pressure generated when the ECS fabric is stretched to a predetermined amount. 
The concept of the new Procedure is to deform (stretch) a series of knitted tubular 
samples (13 knitted tubular samples) by an estimated amount, to measure the interface 
pressure. Hence, it was decided to design a conical shape sample stretcher (CSS), to 
measure interface pressures at five predetermined circumferences when the knitted 
tubular samples are stretched over CSS. By designing conical shape sample stretcher 
it is possible to minimise the number of times which the knitted tubular samples 
would be deformed, and also to measure the interface pressure at different 
circumferences for the known strain percentages simultaneously. 
  
132 
5.3 Conical Shape Sample Stretcher Design  
A conical shape sample stretcher was designed to measure interface pressures at five 
different circumferences when the knitted tubular samples are stretched over CSS. As 
elucidated before CSS are to be used for two different purposes; creation of the 
empirical database required for designing ECS and to evaluate the pressure profile 
generated by the ECS prior to it being dispatched to the venous ulcer clinic for quality 
control purposes. The CSS has to be designed to meet the above conditions, and  it 
was decided to develop four different CSSs; all four of them would be used to create 
the empirical database (e.g. CSS1, CSS2, CSS3 and CSS4) and only two of them to 
be used for evaluating the pressure generated by the ECS (e.g. CSS1 and CSS2). The 
four CSSs developed are shown in Figure 5.3, Figure 5.4, Figure 5.5 and Figure 5.6.  
The selection of the circumferences of CSS1 and CSS2 was based on the British 
Standard, ENV 12718:2001; this standard defines the nominal leg sizes for the 
manufacture and application of medical compression stockings. The referred standard 
specifies the girth sizes along the leg and is currently used by the clinical staff for 
selecting the correct medical compression stocking for patients; the information 
relevant for the design of the CSS are given in Figure 5.1 and Table 5.3 below. The 
current focus of ATM is to produce and supply below knee ECS and the two 
important circumferences for the design of the CSS are cB and cE which represent the 
standard circumferences at the ankle and the knee area respectively. 
 
Figure 5.1 Measuring Points, Lengths and Girths on Human Leg
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18 19 20 21 22 23 24 25 26 27 28 29 30
cG 43 45 46 48 49 51 52 54 55 57 58 60 61 63 64 66 67 69 70 72 73 74 76 77 79 80
cF 35 37 38 40 41 43 44 46 47 49 50 52 53 55 56 58 59 60 61 62 63 65 66 68 69 71
cE 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 *
cD 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 49 * *
cC 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 * * *
cB 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 * * * *
cB1 * * 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 * * * * *
Size of Medical Compression Stocking 
Slender supplement Sturdy supplement
Girth code
Circumferences (cm)
 
Table 5.1 Nominal Leg Girths 
As stated earlier it was decided to create a cone shaped sample stretcher (CSS), and 
the most critical dimensions that had to be decided was the top and the base 
circumferences and the height (length) of the cone. The knitted tubular samples have 
to be pulled over the cone during the testing and by considering the ease of handling 
of the samples and the CSS it was decided to develop four different cones. To capture 
the interface pressure between the tubular knitted structure and the surface of the CSS 
a number of OPM pressure sensors were embedded on to the outer surface of the CSS 
at pre-determined circumferences. In order to measure the interface pressures 
generated by the two different knitted fabric layers of a tubular knitted sample two 
OPM pressure sensors were embedded on the opposite sides of the cone surface at 
each circumference. On the four different CSSs the OPM pressure sensors were 
positioned at four or five different circumferences.  An example of a CSS is given in 
Figure 5.2 and the circumferences at which the sensors are embedded in the four CSSs 
are summarized in Table 5.2. Table 5.3 shows the precise circumferences after 
embedding the OPM pressure sensor on the CSS. This design enables the 
measurement of interface pressure for knitted tubular samples with circumferences 
from 70 mm to 350 mm; the lowest pressure is generated at the circumference of 102 
mm on the CSS1 and at 766.5 mm on the CSS4.  
It was also decided to use the state-of-the-art 3D printing technology to produce the 
CSSs.  A 3D printer form Z-corporation (Zprinter 310) with a printing resolution of 
300 ×  450 dpi and the ability of creating a 3D shaped object with layer thickness of 
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0.089- 0203mm was utilized to produce the CSSs.  Each CSS cured with the Z-Bond 
polymer binder provided by the printer manufacturer to increase the stability and the 
strength of the CSS.  Finally a Z0093 Elastomer was applied to the surface of the CSS 
to create smooth and rubber-like surface properties (Figure 5.7).     
 
Figure 5.2 CSS 
Ca
Ra
2
=
× Π
 
(5.2) 
 
 
Cg
Rg
2
=
× Π
 
(5.3) 
 
 
Rg Ra
tan
L
−
α =  (5.4) 
 
where 
R = Radius of curvature (mm), 
C = Circumference (mm), 
L = The distance between two given points.  
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CSS1 39.84 6.34 75.00 11.94 107.00 17.04 130.00 20.70 155.00 24.68 178.00 28.34 200.18 31.88 455.00
CSS2 154.63 24.62 220.00 35.03 270.00 42.99 340.00 54.14 360.00 57.32 380.00 60.51 445.35 70.92 460.00
CSS3 388.18 61.81 420.00 66.88 450.00 71.66 480.00 76.43 520.00 82.80 580.00 92.36 630.14 100.34 420.00
CSS4 609.85 97.11 640.00 101.91 660.00 105.10 720.00 114.65 760.00 121.02 780.00 124.20 830.13 132.19 420.00
d e f g
R (mm)R (mm)R (mm)
a b c
R (mm)R (mm)R (mm)
L (mm)
C (mm) C (mm) C (mm) C (mm)R (mm)C (mm) C (mm) C (mm)
CSS
 
Table 5.2  Selection of Different Circumferences on the Surface of Each CSS 
 
CSS1P4 102.00 16.23
CSS1P3 121.00 19.26
CSS1P2 151.00 24.03
CSS1P1 173.50 27.61
CSS2P4 200.50 31.91
CSS2P3 267.50 42.57
CSS2P2 354.00 56.34
CSS2P1 391.50 62.31
CSS3P5 417.00 66.37
CSS3P4 439.00 69.87
CSS3P3 469.50 74.72
CSS3P2 495.00 78.78
CSS3P1 519.00 82.60
CSS4P5 652.00 103.80
CSS4P4 681.00 108.40
CSS4P3 706.00 112.40
CSS4P2 740.00 117.80
CSS4P1 766.50 122.00
SP =Position of Embedded OPM Sensor on the Surface of CSS
CSS
CSS4
CSS3
CSS2
CSS1
SP Circumference (mm) Radius of Curvature (mm) 
CSS = Conical Shape Sample Stretcher  
 
Table 5.3 OPM Pressure Sensors Position on Surface of CSS 
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Figure 5.3 Conical Shape Sample stretcher No1 
 
Figure 5.4 Conical Shape Sample stretcher No2 
 
Figure 5.5 Conical Shape Sample stretcher No3 
 
Figure 5.6 Conical Shape Sample stretcher No4 
 
In order to prevent any inaccuracy that could be caused due to pressing and/or 
bending the tube connecting a pressure sensor to the OPM, the pressure sensors were 
mounted on to the outer surface of CSS and the corresponding connecting tube was 
positioned on the inside of the CSS. A 5mm diameter hole was drilled through the 
wall of the CSS at an angle 45º in order to prevent any sharp bending of the 
connecting tube which could influence the pressure reading.   
 
5.3.1 OPM Pressure Measuring Sensors proposed for CSS 
The Oxford Pressure Monitor OPM is an electro-pneumatic interface pressure 
measuring device (Figure 5.7), with small inflatable sensors (Figure 5.8 and Figure 
5.9). Air is pumped into the circular sensor pocket continuously at a constant rate by 
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using a small electrically operated pump. This would result the sensor pocket to be 
inflated [78]. When a tubular knitted sample is stretched over the CSS (Figure 5.10), 
the interface pressure which is generated between the two surfaces was measured with 
the OPM sensors. More information regarding to the technical aspect of OPM is 
available in chapter two subsections 2.4.3.1. 
 
 
Figure 5.7 Oxford Pressure Monitor with CSS 
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Figure 5.8 OPM pressure Sensor 
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Figure 5.9 Sketch of OPM pressure sensor 
 
 
 
Figure 5.10 Oxford Pressure Monitor with Tubular sample stretched over CSS 
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5.4 Study of the Influence of Cone Surface on OPM Pressure sensor 
5.4.1 Introduction 
As cited in the PhD thesis of Fernando[1] cylindrical surfaces of a range of radii can 
be used to create a database of interface pressure vs. strain. As a cylinder has a 
constant radius along its length the entire sensing area of 20mm of the OPM sensor 
would be on a constant radius of curvature (ROC). However when the OPM pressure 
sensor is mounted on to the surface of a CSS the ROC would vary within the 
inflatable sensing area.  Therefore, it is necessary to study how the slope of the CSS 
would influence the pressure measurement and select an appropriate model for this 
purpose.  
5.4.2 Mean Radius Model 
In this study the radius of curvature of the CSS (Figure 5.11) at the section through 
top of the sensing element ( 1R ) and the bottom part ( 2R ) were measured and the mean 
value ( R ) was calculated (see Figure 5.11). 
So                  
  
1 2
2
R R
R
+
=  (5.4) 
              
Therefore,  
 
1 2
2
S SS +=  (5.5) 
 where 
S  = Strain Percentage at the mean radius of R , 
1S  = Strain Percentage at the Point with the radius of 1R ,               
2S  = Strain Percentage at the point with the radius of 2R . 
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Figure 5.11 Selection of ROC for Mean Radius Model 
5.5 Validating the Empirical Pressure Profile Generated By Mean 
Radius Model 
To validate the theoretical model with the empirical pressure profile generated with 
this procedure, it was decided to measure and evaluate the interface pressure on the 
surface of cylinder with few tubular fabric samples .A number of cylinders of radii of 
curvature (not used to create the empirical database) was used for this purpose. Initial 
circumference of the tubular fabric tube, radii of curvature and the interface pressure 
observed on the OPM pressure sensor (P1) were recorded. Using these, the strain of 
the fabric tube on each cylinder, radii of the cylinder and the OPM pressure were 
tabulated. These accumulated data was then compared with the pressure (P2) which 
was collected from the empirical database generated with the new procedure for the 
same strain and radii of curvature.  
The values P1 and P2 given in Table 5.4 shows that the difference between these two 
sets of data is not greater than 3.5 mmHg, which is less than the manufacturer 
specified error margin of the OPM (the manufacturer specifies an error of 5± mmHg) 
[78]. 
Figure 5.12 presents a graphical representation of P1 and P2 against the Radius of 
curvature (ROC) which demonstrates the insignificant variation between the interface 
pressure value on the surface of cylinder and pressure value collected from generated 
empirical pressure profile. 
On comparison of these, it can be deduced that the Mean Radius Model is suitable to 
represent the empirical pressure profile database for the design and manufacture of 
engineered compression stocking (ECS). 
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As a result of the above reasoning the mean ROC for each OPM pressure sensor 
mounted on the surface of CSS was identified as the radius to calculate the strain 
percentage at that circumference. 
Cylinder Radius 
of curvature      
(mm)
Sample Radius 
of curvature      
(mm)
Strain % P1            (mmHg)     
P2                 
(mmHg)
21.49 12.89 66.67 23.00 20.00
21.49 15.92 35.00 10.00 8.00
21.49 19.42 10.66 3.52 1.85
30.88 12.89 139.51 29.00 26.50
30.88 15.92 94.00 13.00 12.00
35.33 15.92 122.00 21.00 18.50
35.33 22.60 56.34 9.00 10.19
35.33 25.94 36.20 4.00 6.12
30.88 19.42 59.02 11.00 11.73
30.88 22.60 36.62 7.00 6.52
50.93 25.94 96.32 10.00 13.50
50.93 30.24 68.42 8.00 10.64
50.93 33.42 52.38 8.00 8.79
51.73 25.94 99.39 14.00 16.67
51.73 30.24 71.05 10.00 10.93
51.73 33.42 54.76 8.00 9.09
51.73 37.24 38.89 7.00 6.27
54.11 37.24 45.30 9.00 6.81
54.11 30.24 78.95 10.00 11.59
54.11 33.42 61.90 9.00 9.60
63.66 33.42 90.48 11.00 11.72
63.66 37.24 70.94 11.00 9.43
63.66 41.86 52.09 6.00 6.09
70.03 33.42 109.52 13.00 12.84
70.82 37.24 90.17 12.00 11.34
70.82 41.86 69.20 8.00 8.33
70.82 44.56 58.93 6.00 6.87
76.39 37.24 105.13 12.00 12.71
76.39 41.86 82.51 8.00 10.27
76.39 44.56 71.43 8.00 8.40
82.44 37.24 121.37 13.00 11.00
82.44 41.86 96.96 11.00 12.37
82.44 44.56 85.00 9.00 10.42
P1 = Interface Pressure Measuerd with OPM (mmHg)
P2 = Pressure Value from Emperical Pressure Profile Database (mmHg)
 
Table 5.4 Validation of Pressure Profile Generated by Mean Radius Model 
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Figure 5.12 P1&P2 verses ROC 
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5.6 Discussion 
Since it is necessary to develop a new test apparatus for the evaluation of the pressure 
generated by an engineered compression stocking this chapter was devoted to the 
study which led to develop a new concept for a new test procedure. Also, the 
motivation behind the designing of the conical shaped sample stretcher (CSS) is 
explained.   
The mentioned test procedure and conical shape sample stretcher was then used to 
generate the empirical pressure profile data base which is explained in the next 
chapter. 
The experimental study to evaluate the effect of cone surface on the pressure reading 
led to the introduction a mathematical model for selecting the radius of curvature for 
calculation of strain percentage. However, due to the time limitation of this research, 
the research has to be limited only to Mean Radius Model which provided good 
results. Two other models have been introduced for the future research (see Appendix 
G).  
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Chapter 6 Sample Preparation and Data Processing 
6.1 Introduction 
Since the empirical pressure profile database is vital for engineering the compression 
stocking to deliver a predetermined pressure profile. The objective of this chapter is to 
elucidate the procedure that should be adopted to ensure the creation of the empirical 
pressure profile database with a higher degree of accuracy; the key important steps are: 
• The sample preparation; 
• The interface pressure measurement;  
• The data evaluation by using a newly created software programme. 
 
6.2 Sample preparation and pressure measurement  
A total of 13 knitted tubular samples of different circumferences are necessary to 
create the empirical pressure profile database. The circumference of a knitted tubular 
sample will depend on the number of needles used to knit the sample on a flat-bed 
knitting machine, and its overall length will be determined by the number of courses 
produced. Therefore the first step for generation of the empirical database is to 
calculate the number of needles and courses essential to knit the 13 tubular samples. 
After calculation of the course pitch and wale pitch, 0.17mm and 1.10mm respectively 
number of needles and courses required to produce the 13 tubular knitted samples 
were calculated. The results are summarised in Table 6.1.  
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Tubular sample Sample height (mm)
Number of 
courses
Circumference 
of tubular 
sample(mm)
Number of 
Needles
S1 460.00 639.00 81.00 74.00
S2 460.00 639.00 100.00 91.00
S3 460.00 639.00 122.00 111.00
S4 460.00 639.00 142.00 130.00
S5 460.00 639.00 163.00 149.00
S6 460.00 639.00 190.00 173.00
S7 460.00 639.00 210.00 191.00
S8 460.00 639.00 234.00 213.00
S9 460.00 639.00 263.00 240.00
S10 460.00 639.00 280.00 255.00
S11 460.00 639.00 299.00 272.00
S12 460.00 639.00 330.00 300.00
S13 460.00 639.00 345.00 314.00
 
 
Table 6.1 Knitting Specification for Tubular Samples 
While the required strain percentage is up to 150%, calculation of strain percentage at 
different radius is a vital step because the operator would be able to identify the 
number of pressure measuring points for each tubular sample (Table 6.2). 
Therefore it is possible to calculate the relevant strain percentage of the knitted 
tubular samples at the radius of curvature which the OPM pressure sensors were 
recorded the interface pressure on the surface of the CSS Table 6.3. 
For better observation, different colour schemes were introduced for different conical 
shape sample stretcher (CSS) in Table 6.2 and Table 6.3. The calculated strain 
percentages for the 13 knitted tubular samples at the circumferences which the OPM 
pressure sensors were embedded are given in Table 6.2.  
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The following terms and definitions are used in Table 6.2 and Table 6.3: 
S1 = Sample Number One, circumference of knitted tubular sample is 81mm, 
S2 = Sample Number Two, circumference knitted tubular sample is 100mm, 
S3 = Sample Number Three, circumference of knitted tubular sample is 122mm, 
S4 = Sample Number Four, circumference of knitted tubular sample is 142mm, 
S5 = Sample Number Five, circumference of knitted tubular sample is 163mm, 
S6 = Sample Number Six, circumference of knitted tubular sample is 190mm, 
S7 = Sample Number Seven, circumference of knitted tubular sample is 210mm, 
S8 = Sample Number Eight, circumference of knitted tubular sample is 234mm, 
S9 = Sample Number Nine, circumference of knitted tubular sample is 263mm, 
S10 = Sample Number Ten, circumference of knitted tubular sample is 280mm, 
S11 = Sample Number Eleven, circumference of knitted tubular sample is 299mm, 
S12 = Sample Number Twelve, circumference of knitted tubular sample is 330mm, 
S13 = Sample Number Thirteen, circumference of knitted tubular sample is 345mm, 
SP = Circumference of OPM pressure sensor on the surface of CSS, 
ROC = Radius of curvature (mm). 
 
For each pressure reading the calculated strain percentage and the radius of curvature 
were recorded and recapitulated into an excel file. This file is the input data file for 
the software which was developed to generate the empirical pressure profile database 
Table 6.4. 
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S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13
81 100 122 142 163 190 210 234 263 280 299 330 345
102.00 16.23 25.93 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
121.00 19.26 49.38 21.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
151.00 24.03 86.42 51.00 23.77 6.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
173.50 27.61 114.20 73.50 42.21 22.18 6.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200.50 31.91 0.00 0.00 64.34 41.20 23.01 5.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00
267.50 42.57 0.00 0.00 119.26 88.38 64.11 40.79 27.38 14.32 1.71 0.00 0.00 0.00 0.00
354.00 56.34 0.00 0.00 0.00 149.30 117.18 86.32 68.57 51.28 34.60 26.43 18.39 7.27 2.61
391.50 62.31 0.00 0.00 0.00 0.00 0.00 106.05 86.43 67.31 48.86 39.82 30.94 18.64 13.48
417.00 66.37 0.00 0.00 0.00 0.00 0.00 119.47 98.57 78.21 58.56 48.93 39.46 26.36 20.87
439.00 69.87 0.00 0.00 0.00 0.00 0.00 0.00 109.05 87.61 66.92 56.79 46.82 33.03 27.25
469.50 74.72 0.00 0.00 0.00 0.00 0.00 0.00 123.57 100.64 78.52 67.68 57.02 42.27 36.09
495.00 78.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 111.54 88.21 76.79 65.55 50.00 43.48
519.00 82.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 121.79 97.34 85.36 73.58 57.27 50.43
652.00 103.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 147.91 132.86 118.06 97.58 88.99
681.00 108.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 106.36 97.39
706.00 112.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 113.94 104.64
740.00 117.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 114.49
766.50 121.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 122.17
CSS SP ROC    (mm)
CSS 4
CSS1
CSS 2
CSS 3
 
Table 6.2  Strain Percentage Evaluation 
Key to colour scheme  
 
         Observed value for CSS1 
 
        Observed value for CSS3 
 
         Observed value for CSS2 
 
        Observed value for CSS4 
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S13 S12 S11 S10 S9 S8 S7 S6 S5 S4 S3 S2 S1 S13 S12 S11 S10 S9 S8 S7 S6 S5 S4 S3 S2 S1
Pressure (mmHg)
CSS1
C1P4 16.23 0.00 0.00
CSS SP ROC (mm)
Strain Percentage 
0.00 0.00 0.00 0.00 25.93 0.000.00 0.00 0.00 0.00 0.00 1.00 9.000.00 0.00 0.00 0.00
C1P3 19.26 0.00
0.000.00 0.00 0.00 0.000.00 2.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 21.00 49.38 0.00 0.00 0.00 0.00 0.00 0.00 4.000.00 0.00 0.00 0.00 14.00
C1P2 24.03 0.00 0.00 0.00 0.00 0.00 0.00
0.00
86.42 0.000.00 0.00 0.00 6.34 10.50 11.50 25.000.00 0.00 0.00 0.00
C1P1 27.61 0.00
3.000.00 0.00 0.00 0.0023.77 51.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.44 22.18 42.21 73.50 114.20 0.00 0.00 0.00 0.00 4.00 7.00 12.000.00 0.00 0.00 0.00 18.00
CSS2
C2P4 31.91 0.00 0.00 0.00 0.00 0.00
0.50
0.00 0.00 5.53 23.01 41.20 64.34 0.00 0.00 0.00 0.00 0.00 0.00 8.00 10.00 0.000.00 0.00 0.00 1.50 0.00
C2P3 42.57 0.00 0.00 0.00 0.00 1.71 14.32
6.00
0.00 0.0027.38 40.79 64.11 88.38 16.00 0.00 0.003.00 3.00 5.00 7.00
C2P2 56.34 2.61
11.520.00 0.00 0.00 1.00119.26 0.00
7.27 18.39 26.43 34.60 51.28 68.57 86.32 117.18 149.30 190.16 0.00 0.00 0.50 0.00 2.00 3.00 17.50 19.50 0.005.00 5.50 6.50 8.50 0.00
C2P1 62.31 13.48 18.64 30.94 39.82 48.86 67.31
17.00
86.43 106.05 140.18 0.00 0.00 0.00 0.00 1.50 1.50 2.00 3.50 4.00 6.00 7.00 7.00 16.00 0.00 0.00 0.00 0.00
CSS3
C3P5 66.37
C3P2 78.78
20.87 26.36 39.46 48.93 58.56 78.21 98.57 119.47 0.00 0.00 0.00 0.00 0.00 3.50 4.50 8.00 0.00 0.00 0.0010.50 11.50 13.00 13.00 0.00 0.00
C3P4 69.87 27.25 33.03 46.82 56.79 66.92
15.00
87.61 109.05 131.05 0.00 0.00 0.00 0.00 0.00 4.00 7.00 8.00 10.50 0.00 0.00 0.0011.00 11.00 12.50 13.00 0.00
C3P3 74.72 36.09 42.27 57.02 67.68 78.52 100.64
0.00
123.57 147.11 0.00 0.00 0.00 0.00 0.00 1.50 2.50 3.00 4.50 5.00 7.00 7.50 7.50 0.00 0.00 0.00 0.00 0.00
43.48 50.00 65.55 76.79 88.21 111.54 135.57 0.00 0.00 0.00 0.00 0.00 0.00 3.50 5.50 6.50 0.00 0.00 0.008.50 9.00 10.00 14.50 0.00 0.00
C3P1 82.60 50.43 57.27 73.58 85.36 97.34
0.00
121.79 147.14 0.00 0.00 0.00 0.00 0.00 0.00 5.00 6.50 9.50 10.00 0.00 0.00 0.0012.50 13.00 13.50 0.00 0.00
CSS4
C4P5 103.80 88.99 97.58 118.06 132.86 147.91
0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.00 7.50 9.00 9.00 0.00 0.00 0.009.50 0.00 0.00 0.00 0.00
C4P4 108.40 97.39 106.36 127.76 143.21 158.94 0.00
0.00
0.00 5.500.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.00
C4P3 112.80 104.64
0.009.00 12.50 9.50 11.500.00 0.00
113.94 136.12 152.14 168.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.50 7.50 12.00 10.50 0.00 0.00 0.0010.50 0.00 0.00 0.00 0.00
C4P2 117.80 114.49 124.24 0.00 0.00 0.00 0.00
0.00
0.00 7.000.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.00
C4P1 122.00 122.17
0.009.00 0.00 0.00 0.000.00 0.00
132.27 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.00 0.00 0.006.50 8.00 0.000.000.00 0.000.00 0.00
 
Table 6.3  Strain Percentage and Pressure Value 
Key to colour scheme 
 
         Observed value for CSS1 
 
        Observed value for CSS3 
 
         Observed value for CSS2 
 
        Observed value for CSS4 
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S P S P S P S P S P S P S P S P S P S P S P S P S P S P S P S P S P S P
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2.00 1.00 21.00 4.00 6.34 3.00 6.44 0.50 5.53 1.50 1.71 1.00 2.61 1.00 13.48 1.00 20.87 3.50 27.25 4.00 36.09 1.50 43.48 3.50 50.43 5.00 88.99 6.00 97.39 5.50 104.64 6.50 114.49 7.00 122.17 6.50
25.93 9.00 49.38 14.00 23.77 10.50 22.18 4.00 23.01 6.00 14.32 3.00 7.27 1.50 18.64 1.50 26.36 4.50 33.03 7.00 42.27 2.50 50.00 5.50 57.27 6.50 97.58 7.50 106.36 9.00 113.94 7.50 124.24 9.00 132.27 8.00
0.00 0.00 0.00 0.00 51.00 11.50 42.21 7.00 41.20 8.00 27.38 4.00 18.39 2.00 30.94 2.00 39.46 8.00 46.82 8.00 57.02 3.00 65.55 6.50 73.58 9.50 118.06 9.00 127.76 12.50 136.12 12.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 86.42 25.00 73.50 12.00 64.34 10.00 40.79 5.00 26.43 3.00 39.82 3.50 48.93 10.50 56.79 10.50 67.68 4.50 76.79 8.50 85.36 10.00 132.86 9.00 143.21 9.50 152.14 10.50 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 64.11 7.00 34.60 5.00 48.86 4.00 58.56 11.50 66.92 11.00 78.52 5.00 88.21 9.00 97.34 12.50 147.91 9.50 158.94 11.50 168.44 10.50 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 199.00 31.36 0.00 0.00 88.38 11.52 51.28 5.50 67.31 6.00 78.21 13.00 87.61 11.50 100.64 7.00 111.54 10.00 121.79 13.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 119.26 16.00 68.57 6.50 86.43 7.00 98.57 14.00 109.05 12.50 123.57 7.50 135.57 14.50 147.14 13.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 86.32 8.50 106.05 10.00 119.47 15.00 131.05 13.00 147.11 10.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 117.18 17.00 140.18 16.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 149.30 17.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 190.16 19.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S = Strain Percentage 
P = Pressure (mmHg)
 
Table 6.4 Strain% and Pressure Value Arrangement 
  
150 
6.3 Computational Modelling  
6.3.1 Introduction  
The pressure created by an engineered compression stocking on a patient leg is mainly 
due to the local tension of the knitted structure and the surface radii of curvature. 
When a knitted structure is stretched within the structure a tension is created. Once the 
compression stocking is worn, each cross-section will undergo a certain detailed strain, 
resulting in different tensions being generated at the cross-sections. The study were 
carried out by Fernando [1] in his thesis to find out the best technique to predict the 
interface pressures that the knitted structure would impart on a particular radius of 
curvature at a predetermined strain percentage. Three different technique were studied,  
 
• Calculation of theoretical pressure profile of the fabric using the fabric sample 
tension test data; 
• Calculation of the theoretical pressure profile of the fabric by proposing spring 
model based on the fabric structure; 
• The empirical fabric structure model which generate the empirical pressure 
profile for the honeycomb structure by selecting the best fit polynomial curve 
and fit them to the constant radius data columns. 
 
To compare the two theoretical models with the empirical model, the difference of 
pressure values between the theoretical values and experimental results were analysed. 
From the analysis a large deviation were detected when a fabric structure is modelled 
with the theoretical model of the load vs. strain percentage curve, or from the spring 
model theoretical in comparison with the empirical model. Hence, it was decided to 
use the empirical model for designing knitted compression stockings. 
However the technique proposed by Fernando [1] has following shortcomings, 
especially in a commercial environment: 
• Time consuming process as a consequence of manual arrangement of a large 
number of data throughout the procedure; 
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• Manual selection of the highest order of the polynomial function, which may 
influence the degree of precision of the output data given by the empirical 
pressure profile database;  
• Overall complexity of the procedure. 
 
Therefore it was decided to develop a new software programme to address the above 
shortcomings.   
The new programme utilises the experimental data organised in an Excel file as 
described in the previous section (see Table 6.4) as input data to the new programme 
written in MATLAB.  The new programme consists of the following three main sub 
routines, and the key steps are featured in the flow chart illustrated in Figure 6.1. 
 
• Pre-processing; 
• Processing; 
• Post-processing. 
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2=N R
 
Figure 6.1 Processing Sequence of Computer Program 
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6.3.2 Pre-processing 
6.3.2.1  Input Data 
The input data of the Excel file are used in a matrix [79] defined as,[80]  
A = 
1 1 1
1
n
m m n m n
a a
a a
×
 
 
 
 
 
…
⋮ ⋱ ⋮
⋯
 (6.1) 
 
Where m and n are the number of the empirical input data in x and y directions and 
ija denotes the array for the defined matrix. For this particular results the number for 
the m and n are chosen to be equal to 14 and 36 respectively.  
 
6.3.2.2  Calculation of coefficient for the polynomial function 
This section is devoted to the mathematical approach undertaken to calculate the 
polynomial coefficients needed to estimate the relevant polynomial curves. The 
coefficients are calculated for different order polynomials (e.g. n= 2, n= 3 and n=4), 
and the computed curves are  then compared with the piece-wise interpolation curves 
in order to obtain the best curve fit; the decision is based on the  least square method.  
Generally an nth order polynomial function is defined as,[81] 
 
1 2
1 2 1 0= + + + + +
-
-
( ) ...n nn nf x a x a x a x a x an  (6.2) 
 
where 
( )f xn  = Interface pressure (mmHg), 
x   = Strain percentage, 
a   = Coefficients of the polynomial function, 
n   = Degree of the polynomial function. 
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6.3.2.3 Piecewise Interpolation and Evaluation of Polynomial Function   
At this stage the polynomial curves are computed for three appropriate degrees (n=2, 
n=3 and n=4) with the coefficients, which were calculated as demonstrated in the 
pervious section, [81] 
Quadratic polynomial (n=2) 
 
( )rP  = 
2
2 1 0( ) = + +f x a x a x an  (6.3) 
 
Cubic polynomial (n=3) 
 
( )rP = 
3 2
3 2 1 0( ) = + + +f x a x a x a x an  (6.4) 
 
Quartic polynomial (n=4) 
 
( )rP  =  
4 3 2
4 3 2 1 0( ) = + + + +f x a x a x a x a x an  (6.5) 
 
where  
( )rP = ( )f xn = Interface pressure (mmHg), 
a  = coefficient of polynomial, 
x  = strain percentage. 
Along with the evaluation of polynomial curve, PCHIP function were used in order to 
interpolate the experimental data (vector ( )xP ), which determined the piecewise cubic 
interpolation within vector X and Y. For instance for the range of   
1k kx x x +≤ ≤ the pchip function can be express as [81]: 
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( , , )x iP PP x y x=  (6.6) 
where  
PP  = indicate the Pchip function employed within the MatLab,  
( )xP  = the Cubic Hermite Interpolated data evaluated based on Pchip function, 
X= column vector for strain percentage data, 
Y= column vector for pressure value, 
ix = the number of input data for the Pchip function = 200. 
The lengths of X, Y vectors are equal. 
 
6.3.3 Data Processing  
6.3.3.1 Calculation of the Residual Vector 
A residual norm is introduced to obtain an approximation for the degree of the 
polynomial function described in the previous sections. The residual vector used 
represents the discrepancy between the empirical data and the Piecewise Interpolation 
of the experimental data which can be in the form of,[82] 
( ) ( )r x= −R P P  (6.7) 
 
Where ( )rP  and  ( )xP  represent empirical data and piecewise interpolation vectors 
respectively. 
 
6.3.3.2     Calculation of Norm-2 for the Residual Vector and Choosing the 
Polynomial Degree Based On the Minimum Norm for the Residual. 
At this stage, the program calculates the norm-2 for the residual vector computed 
earlier.  If 1, 2 3, , ..., nr r r r  are the arrays of the residual vector (R) then the maximum 
norm can be defined as [81], 
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maxR ir∞ =   (6.9) 
 
Where the norm 2 can be calculated as,[81] 
2
2
1
n
i
i
N R r
=
= = ∑  (6.10) 
Where: 
R = Residual vector, 
N = Norm-2 for the residual vector, 
n = Number of input data for the polynomial function= 200. 
The polynomial function with the minimum norm is selected to plot the data curve of 
the empirical database. 
6.3.3.3 Plotting the Polynomial Curve with the Selected Degree 
Once the most suitable polynomial function has been selected all the eighteen curves, 
i.e. eighteen different curves for eighteen pressure measuring points on CSSs for 
different ROC values, are plotted (see Figure 6.2).   
A theoretical approach was established and developed to minimise errors which may 
be caused due to human mistake (operator) or the pressure measuring apparatus 
(OPM). 
The theoretical relationship between the interface pressure and ROC is demonstrated 
in Laplace’s equation as[35],  
1P
R
α
 
(6.11) 
 
where 
P = Interface pressure (mmHg), 
R = Radius of curvature (mm). 
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According to the Laplace’s equation an increase in radius of curvature (ROC) will 
result in decrease of the interface pressure; therefore data curves for lower ROC 
values should be positioned above those for higher ROC values in the empirical 
database. Considering the above theoretical explanation of the relationship between 
the interface pressure and the radius of curvature, Figure 6.3 illustrates the data curves 
in   Figure 6.2 after implying the mentioned hypothesis. 
 As can been seen in Figure 6.3, at some points the data curves intersect, implying 
inaccuracies in the empirical data used to generate the empirical pressure profile 
database.   
 
 
   
 
Figure 6.2  Illustration of Selected Polynomial Curves 
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Figure 6.3   Illustration of Data Curves for Selected ROC 
 
6.3.4 Post Processing  
6.3.4.1 Three-step Refinement, generating 3D surface and output data  
Previous section demonstrated how the polynomial curves are influenced by 
inaccuracy in empirical data. Although it is possible to generate the 3D surface by 
using the data curves, it was decided to refine the data set to provide a smoother 3D 
surface in order to improve the efficiency of the engineered compression stocking.   
This was achieved in three stages.  In the first and second stages the empirical data is 
filtered by the manner in which the polynomial functions are defined in section 
6.6.2.3 (Quadratic polynomial).  Figure 6.4 and Figure 6.5 illustrate the enhancement 
in the data curves. 
The third and the final stage of the refinement process applies the cubic polynomial 
function; shown in Figure 6.6. As illustrated in Figure 6.6 after the sequential 
refinement processes the resulting data shows non-oscillatory behaviour, and this 
would result in the generation of a much smoother curves. 
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Figure 6.4 Illustration of Polynomial Curve after First Step Filtering 
 
Figure 6.5 Illustration of Polynomial Curve after Second Step Filtering 
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R=16.23
R=121.99
 
Figure 6.6 Illustration of Polynomial Curve after Third Step Filtering 
For better understanding a three-dimensional visualisation for the data obtained after 
the final stage filtering is shown in Figure 6.7. 
 
Figure 6.7  Three-Dimensional Illustration of Polynomial Curves 
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Figure 6.8 demonstrates the graphical representation of the empirical pressure profile 
database generated by the open source code written by author.  
 
 
Figure 6.8  Empirical pressure profiles database 
 
6.3.5 Arrangement of empirical pressure profile data base for 
Scan2Knit software  
The main objective of creating the empirical pressure profile data base was to predict 
the interface pressures that the knitted structure would impart on a particular radius of 
curvature at a predetermined strain percentage. 
Since the empirical data base and the leg geometry are known, it is possible to predict 
the incident pressure applied by a circumferentially continuous fabric stretched over it. 
The software has been developed for the‘Scan2Knit’ technology that it can accept 
different leg and foot scans, receive instructions on locations and the pressure 
definitions on those locations, and use them to produce the pressure profiles for the 
individual compression stocking. Hence, the empirical pressure profile database used 
to identify the necessary extension percentage of the fabric required to achieve 
prescribed therapeutic pressure for the known radius of curvature.  
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To make the empirical pressure profile data figure 6.8 useful for the mentioned 
software, it is required to rearrange them in to different format, which reveals the 
required strain percentage for the given radius of curvature to achieve certain pressure 
value, an example is given in Table 6.5 below. 
 
Strain Percentage Radius of Curvature (mm) Pressure (mmHg)
1.00E+02 1.70E+01 2.62E+01
5.00E+00 1.75E+01 1.40E+00
5.50E+00 1.75E+01 1.57E+00
6.00E+00 1.75E+01 1.74E+00
6.50E+00 1.75E+01 1.90E+00
7.00E+00 1.75E+01 2.07E+00
7.50E+00 1.75E+01 2.24E+00
8.00E+00 1.75E+01 2.41E+00
8.50E+00 1.75E+01 2.57E+00
9.00E+00 1.75E+01 2.74E+00
9.50E+00 1.75E+01 2.90E+00
1.00E+01 1.75E+01 3.07E+00
1.05E+01 1.75E+01 3.23E+00
1.10E+01 1.75E+01 3.40E+00
1.15E+01 1.75E+01 3.56E+00
1.20E+01 1.75E+01 3.72E+00
1.25E+01 1.75E+01 3.89E+00
1.30E+01 1.75E+01 4.06E+00
1.35E+01 1.75E+01 4.23E+00
1.40E+01 1.75E+01 4.37E+00
1.45E+01 1.75E+01 4.55E+00
1.50E+01 1.75E+01 4.72E+00
1.55E+01 1.75E+01 4.88E+00
1.60E+01 1.75E+01 5.02E+00
1.65E+01 1.75E+01 5.17E+00
1.70E+01 1.75E+01 5.34E+00
1.75E+01 1.75E+01 5.49E+00
1.80E+01 1.75E+01 5.65E+00
 
Table 6.5 Empirical pressure profile data arrangement for Scan2Knit software 
 
6.3.6 Discussion  
This chapter presented different stages of calculation and evaluation of the empirical 
data to generate the empirical pressure profile database using the MatLab programme 
written by the author (Appendix D). 
The introduced software package was developed to minimise the imprecision and 
weakness of the software code created by Fernando [1] for the engineering of patient 
customised compression stockings. For better understanding, figures representing 
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different stages of the existing software program (developed by Fernando[1]) and the 
new software package developed in the research are given in appendix E. 
Appendix F shows the pilot study carried out within this programme of research by 
generating a new empirical pressure profile using the new software created by the 
author. In order to authenticate the generated empirical pressure profile database, an 
engineered compression stocking Figure 6.9, were produced by the commercial 
partner ATM by using the generated empirical database with the software package. 
The pressure values at the knee, the calf and the ankle areas when the ECS is worn are 
given in Table F.3. The results prove that the interface pressures  measured on the 
patient’s leg is very close to the target pressure values considering that the 
specifications stated by OPM manufacturer defines and error bandwidth of ( 5±  
mmHg) [78] for the pressure measurement. 
 
Figure 6.9  Engineered Compression Stocking  
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Chapter 7 Conclusion and Future Work 
7.1 Conclusion  
The graduated pressure profile generated by the engineered compression stocking 
(ECS), when it is worn by the patient will depend on the empirical pressure profile 
data base of the ECS knitted structure. The empirical data base defines the 
relationship between the radius of curvature (ROC), the strain percentage at the point 
of ROC and the interface pressure at the point of ROC.  
Another very important prerequisite for the manufacture of patient customized ECS is 
that the knitted structure of the ECS is produced with a constant pre-determined stitch 
length. As such the true positive feed (TPF) system developed for computerized flat-
bed knitting machines, which guaranties a constant stitch length in the ECS knitted 
structure is a vital component of the Scan2Knit technology. The TPF system was 
developed under the Wellcome Trust funded research project in the University of 
Manchester, and it is not available commercially. Therefore, a commercial version of 
the TPF system has been designed and developed by the licensee of the Scan2Knit 
technology in partnership with a specialist control engineering company. However, 
procedures for testing and evaluation of the TPF system have not been developed by 
commercial parties.  
  
Therefore the research was focused in following two areas: 
• To create testing and evaluation procedures to ensure the correct functioning 
of the TPF system;  
• To design and develop a test apparatus and create a user friendly procedure to 
evaluate the pressure imparted by ECS and also developed the software for the 
generation of the empirical pressure profile data base. 
 
It is envisioned that the same test rig could be used to evaluate the 3D pressure profile 
of the ECS prior to its delivery to patients.  
As such, a detailed analysis of the performance of the TPF was carried out within the 
research which is detailed in Chapter 3 of the thesis. The analysis shows minor 
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deviation in the stitch length, the wale pitch and the course pitch at different location 
of tubular fabric; however the variation is neglectable since it is too small to be 
considered as an error. The  procedure for testing and evaluation of the TPF system 
created within this research can be utilised by the Scan2Knit technology licensee to 
evaluate the performance of the TPF system when a new system is installed on to a 
computerized flat-bed knitting machine for the manufacture of ECS. It is also 
recommended that the performance of the TPF system is checked on a regular basis 
during its use in order to guarantee that the structure of the ECS knitted is in 
compliance with the empirical data base used to engineer the ECS. 
The experimental analysis carried out to evaluate the cyclic-tensile behaviour of 
honeycomb knitted structures demonstrates that the maximum force required to 
achieve 100% extension in the course-wise direction is higher in fabrics knitted on 
E18 machine when compared to those knitted on E14 machine. Also the permanent 
set after the 5th cycle is greater in fabrics knitted on E18 machine than those knitted in 
E14 machine. Therefore, the honeycomb knitted structure of an ECS produced on an 
E14 flat-bed knitting machine are dimensionally more stable than those knitted on an 
E18 machine. Moreover the comparison of relaxation properties of the ECS knitted on 
E14 and E18 machines shows that  after 6 hours the wales pitch and the course pitch 
in samples produced on E14 machines are closer to the initial value (wale and course 
pitch value after washing, tumble drying and conditioning) than those produced on a 
E18 machine.   
Since measuring of the interface pressure is one of the key parameters for the 
generation of the empirical data base, an intensive search was carried out to identify 
equipment available for interface pressure measurement. After a detailed evaluation of 
the information gathered it was decided to use the Oxford Pressure Monitor (OPM) 
system to measure the interface pressure; OPM is also considered as the Gold 
Standard for interface pressure measurement in venous ulcer clinics. Also a new test 
procedure was introduced to compare the theoretical pressure value and experimental 
pressure value to ensure in relation to the accuracy of OPM pressure measuring 
system.  
The design and development of conical sample stretcher (CSS) is documented in 
Chapter 5. Since it was necessary to find an appropriate model to evaluate the 
behaviour of pressure sensors while embedded on the surface with curvature the Mean 
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Radius Model was introduced. The model was validated through an experimental 
evaluation, and used for the creation of empirical data base.   
The software package written by the author to simplify the generation of empirical 
pressure profile data base is described in Chapter 6. The new procedure is outlined in 
the thesis is based on the use of CSS with OPM sensors embedded on the surface of 
CSS. This was developed to address the shortcomings of the procedure that was 
introduced by the inventors of Scan2Knit technology. 
The test apparatus, the procedure and the software were validated with a limited trial 
with the staff of the Scan2Knit technology licensee company. The company is 
currently carrying out a large scale clinical study managed by the Birmingham 
University’s medical faculty to access the efficacy of ECS manufactured on E14 
computerised flat-bed knitting machines for the treatment of venous disease. 
  
7.2 Future work 
The research presented in this thesis can be enhanced in a number of areas with future 
research activities such as, 
 
1. An experimental analysis should be carried out to evaluate the new generation 
of interface pressure sensors that are emerging with piezo ceramic sensors in 
order to narrow the error bandwidth of ±5 mmHg defined for OPM sensors. 
 
2. Since ECS would deliver the prescribed pressure profile only if the knitted 
structure of the ECS complies with the empirical data base, further research 
need to be carried out to develop a test procedure and a software source code 
to check that every ECS manufactured is in compliance with the empirical 
data base. The CSS developed in the current research could be utilized for the 
testing of the ECS.  
 
3. To seek approval of the developed test procedure from the Medicines and 
Healthcare products Regulatory Agency (MHRA).  
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4. It is also recommended that further investigation is carried out to access how 
the interface pressure measurement is influenced by ROC when CSS is 
embedded with pressure sensors with a higher degree of accuracy than OPM 
pressure sensors. 
 
5.  It is envision that the Mean Radius Model used in the current research may 
need to be replaced with an improved model. Two possible solutions are given 
in Appendix F; the Aggregate Model and the Weighted Model. An approach 
similar to that which described in section 5.4.2 could be used to verify the 
models. 
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Appendix A OPM Calibration 
 
• Switch on the pump and allow the pump to warm up for 15 minute; 
• Connect the manifold 12-way Matrix into the manifold socket; 
• Remove the air from PVC bladder carefully; 
• Fold the upper half of the PVC bladder into the wooden box; 
• Put the sensor number one from the 12-way Matrix in the middle of PVC 
bladder; 
• Set the display switch to the ALL position;  
• Pump the air inside the PVC bladder until the pressure gauge (Figure 4.2) 
reading will be 100mmHg; 
• Use the screw driver and rotate the scale potentiometer which is located at the 
back of the Oxford Pressure Monitor until the reading is 100mmHg; 
• Remove the sensor and by rotate the zero potentiometer until the 0mmHg is 
displayed on the OPM monitor. 
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Appendix B Experimental Data for Chapter 3 
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.60 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.55 1.50 1.50 1.55 1.50 1.40 1.40 1.40 1.40 1.40 1.40
d 1.50 1.60 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.55 1.50 1.50 1.60 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.60 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.04 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 2.61 0.00 0.00 2.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.05 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.50 1.40 0.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.50 1.50 1.50 1.50 1.50 1.30 1.40 1.40 1.40 1.40 1.40
d 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.50 1.50 1.50 1.50 1.50 1.38 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.45 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 3.24 31.94 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.52 0.00 0.00 0.00 0.00
W C
S1 NP=11 BACK
S1 NP=11 FRONT
W C
 
Table B.1 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.30 1.40 1.30 1.40 1.40
c 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.30 1.30 1.40 1.40 1.40
d 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.36 1.38 1.38 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.04 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.03 3.24 3.24 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.05 0.05 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
d 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
W C
S2 NP=11 FRONT
W C
S2 NP=11 FRONT
 
Table B.2 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.60 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.50 1.50 1.60 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.50 1.60 1.50 1.50 1.60 1.40 1.40 1.40 1.40 1.40 1.40
d 1.50 1.50 1.60 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.50 1.54 1.50 1.50 1.56 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.05 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 3.56 0.00 0.00 3.51 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40
c 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
d 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.50 1.50 1.50 1.50 1.50 1.44 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 3.80 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
W C
S3 NP=11 Back
W C
S3 NP=11 FRONT
 
Table B.3 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.50 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.50 1.50 1.50 1.50 1.55 1.40 1.40 1.40 1.40 1.40 1.40
d 1.55 1.50 1.50 1.55 1.52 1.55 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.50 1.50 1.55 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.51 1.50 1.50 1.51 1.51 1.52 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.02 0.00 0.00 0.02 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00
CV% 1.48 0.00 0.00 1.48 1.45 1.80 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.03 0.00 0.00 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.50 1.50 1.50 1.55 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.50 1.50 1.55 1.55 1.50 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.50 1.50 1.50 1.50 1.55 1.40 1.40 1.40 1.40 1.40 1.40
d 1.55 1.50 1.50 1.55 1.50 1.50 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.55 1.55 1.50 1.55 1.50 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.51 1.51 1.51 1.52 1.50 1.52 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.02 0.02 0.02 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
CV% 1.48 1.48 1.48 1.80 1.83 1.80 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.03 0.03 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
W C
ST1 FRONT
ST1BACK
W C
 
Table B.4 ST1 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.50 1.50 1.55 1.55 1.50 1.55 1.40 1.40 1.40 1.40 1.40 1.40
b 1.50 1.55 1.55 1.50 1.55 1.50 1.40 1.40 1.40 1.40 1.40 1.40
c 1.50 1.55 1.55 1.55 1.55 1.50 1.40 1.40 1.40 1.40 1.40 1.40
d 1.50 1.50 1.60 1.60 1.50 1.55 1.40 1.40 1.40 1.40 1.40 1.40
e 1.50 1.50 1.60 1.55 1.50 1.55 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.50 1.52 1.57 1.55 1.52 1.53 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.00 0.03 0.03 0.04 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 1.80 1.74 2.28 1.80 1.79 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.03 0.03 0.04 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.55 1.60 1.60 1.60 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
b 1.60 1.60 1.60 1.60 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
c 1.60 1.60 1.60 1.60 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
d 1.60 1.60 1.60 1.55 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
e 1.60 1.60 1.60 1.55 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
Average 1.59 1.60 1.60 1.58 1.60 1.60 1.40 1.40 1.40 1.40 1.40 1.40
STDEV 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 1.41 0.00 0.00 1.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
W C
W C
ST2 FRONT
ST2 BACK
 
Table B.5 ST2 Wale and Course Pitch Data 
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Zones FL NL M NR FR Zones FL NL M NR FR
81.00 81.00 82.00 81.00 82.00 79.00 77.00 80.00 77.00 78.00
81.00 82.00 82.00 82.00 82.00 78.00 78.00 80.00 79.00 78.00
81.00 82.00 82.00 82.00 81.00 78.00 78.00 80.00 78.00 77.00
79.00 81.00 81.00 82.00 81.00 78.00 77.00 80.00 79.00 80.00
79.00 81.00 81.00 81.00 80.00 77.00 79.00 80.00 79.00 79.00
Average 80.20 81.40 81.60 81.60 81.20 Average 78.00 77.80 80.00 78.40 78.40
Stitch length 5.01 5.09 5.10 5.10 5.08 Stitch length 4.88 4.86 5.00 4.90 4.90
STDEV 1.10 0.55 0.55 0.55 0.84 STDEV 0.71 0.84 0.00 0.89 1.14
CV% 1.37 0.67 0.67 0.67 1.03 CV% 0.91 1.08 0.00 1.14 1.45
CI 1.26 0.63 0.63 0.63 0.96 CI 0.81 0.96 0.00 1.03 1.31
81.00 83.00 81.00 80.00 80.00 78.00 77.00 79.00 77.00 78.00
81.00 83.00 82.00 81.00 82.00 79.00 79.00 79.00 78.00 77.00
81.00 81.00 82.00 81.00 80.00 79.00 78.00 78.00 79.00 78.00
80.00 82.00 82.00 82.00 80.00 80.00 78.00 80.00 78.00 77.00
81.00 82.00 81.00 81.00 80.00 78.00 80.00 80.00 79.00 78.00
Average 80.80 82.20 81.60 81.00 80.40 Average 78.80 78.40 79.20 78.20 77.60
Stitch length 5.05 5.14 5.10 5.06 5.03 Stitch length 4.93 4.90 4.95 4.89 4.85
STDEV 0.45 0.84 0.55 0.71 0.89 STDEV 0.84 1.14 0.84 0.84 0.55
CV% 0.55 1.02 0.67 0.87 1.11 CV% 1.06 1.45 1.06 1.07 0.71
CI 0.52 0.96 0.63 0.81 1.03 CI 0.96 1.31 0.96 0.96 0.63
81.00 81.00 82.00 81.00 80.00 78.00 78.00 80.00 78.00 78.00
81.00 82.00 81.00 83.00 82.00 79.00 78.00 79.00 80.00 78.00
81.00 82.00 81.00 80.00 83.00 78.00 78.00 79.00 78.00 78.00
81.00 82.00 83.00 81.00 80.00 77.00 78.00 80.00 79.00 78.00
81.00 81.00 82.00 81.00 81.00 79.00 77.00 80.00 79.00 77.00
Average 81.00 81.60 81.80 81.20 81.20 Average 78.20 77.80 79.60 78.80 77.80
Stitch length 5.06 5.10 5.11 5.08 5.08 Stitch length 4.89 4.86 4.98 4.93 4.86
STDEV 0.00 0.55 0.84 1.10 1.30 STDEV 0.84 0.45 0.55 0.84 0.45
CV% 0.00 0.67 1.02 1.35 1.61 CV% 1.07 0.57 0.69 1.06 0.57
CI 0.00 0.63 0.96 1.26 1.50 CI 0.96 0.52 0.63 0.96 0.52
80.00 83.00 83.00 81.00 82.00 78.00 78.00 79.00 77.00 79.00
81.00 81.00 82.00 80.00 82.00 77.00 79.00 78.00 79.00 77.00
81.00 81.00 82.00 80.00 82.00 79.00 78.00 78.00 79.00 77.00
81.00 83.00 83.00 81.00 81.00 78.00 79.00 80.00 77.00 79.00
81.00 83.00 82.00 83.00 82.00 78.00 78.00 80.00 79.00 77.00
Average 80.80 82.20 82.40 81.00 81.80 Average 78.00 78.40 79.00 78.20 77.80
Stitch length 5.05 5.14 5.15 5.06 5.11 Stitch length 4.88 4.90 4.94 4.89 4.86
STDEV 0.45 1.10 0.55 1.22 0.45 STDEV 0.71 0.55 1.00 1.10 1.10
CV% 0.55 1.33 0.66 1.51 0.55 CV% 0.91 0.70 1.27 1.40 1.41
CI 0.52 1.26 0.63 1.41 0.52 CI 0.81 0.63 1.15 1.26 1.26
82.00 81.00 82.00 82.00 80.00 77.00 77.00 80.00 79.00 79.00
82.00 80.00 81.00 82.00 81.00 79.00 78.00 79.00 79.00 78.00
81.00 82.00 81.00 80.00 81.00 77.00 77.00 79.00 79.00 78.00
82.00 82.00 81.00 79.00 81.00 77.00 78.00 78.00 77.00 78.00
82.00 82.00 82.00 81.00 82.00 77.00 79.00 80.00 80.00 78.00
Average 81.80 81.40 81.40 80.80 81.00 Average 77.50 77.50 79.00 78.50 78.25
Stitch length 5.11 5.09 5.09 5.05 5.06 Stitch length 4.84 4.86 4.95 4.93 4.89
STDEV 0.45 0.89 0.55 1.30 0.71 STDEV 0.89 0.84 0.84 1.10 0.45
CV% 0.55 1.10 0.67 1.61 0.87 CV% 1.15 1.08 1.06 1.40 0.57
CI 0.52 1.03 0.63 1.50 0.81 CI 1.03 0.96 0.96 1.26 0.52
a a
S1/ Front S1/ Back
b b
c c
d d
e e
 
Table B.6 S1 Stitch Length Data 
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Zones FL NL M NR FR Zones FL NL M NR FR
80.00 80.00 81.00 81.00 81.00 77.00 78.00 80.00 79.00 79.00
80.00 80.00 82.00 80.00 81.00 78.00 78.00 78.00 80.00 79.00
81.00 80.00 82.00 82.00 81.00 78.00 78.00 78.00 80.00 78.00
80.00 78.00 80.00 81.00 79.00 78.00 78.00 79.00 78.00 78.00
81.00 81.00 81.00 82.00 82.00 78.00 78.00 79.00 77.00 78.00
Average 80.40 79.80 81.20 81.20 80.80 Average 77.80 78.00 78.80 78.80 78.40
Stitch length 5.03 4.99 5.08 5.08 5.05 Stitch length 4.87 4.88 4.93 4.93 4.90
STDEV 0.55 1.10 0.84 0.84 1.10 STDEV 0.45 0.00 0.84 1.30 0.55
CV% 0.68 1.37 1.03 1.03 1.36 CV% 0.57 0.00 1.06 1.65 0.70
CI 0.63 1.26 0.96 0.96 1.26 CI 0.52 0.00 0.00 1.50 0.63
79.00 81.00 81.00 81.00 81.00 77.00 79.00 79.00 79.00 78.00
78.00 81.00 80.00 81.00 81.00 77.00 79.00 79.00 79.00 78.00
81.00 80.00 80.00 81.00 80.00 77.00 77.00 80.00 79.00 79.00
79.00 79.00 81.00 81.00 80.00 77.00 78.00 79.00 78.00 79.00
78.00 81.00 80.00 81.00 81.00 77.00 78.00 80.00 78.00 78.00
Average 79.00 80.40 80.40 81.00 80.60 Average 77.00 78.20 79.40 78.60 78.40
Stitch length 4.94 5.03 5.03 5.06 5.04 Stitch length 4.81 4.89 4.96 4.91 4.90
STDEV 1.22 0.89 0.55 0.00 0.55 STDEV 0.00 0.84 0.55 0.55 0.55
CV% 1.55 1.11 0.68 0.00 0.68 CV% 0.00 1.07 0.69 0.70 0.70
CI 1.41 1.03 0.63 0.00 0.63 CI 0.00 0.96 0.00 0.63 0.63
77.00 81.00 81.00 81.00 80.00 77.00 78.00 79.00 78.00 76.00
80.00 81.00 82.00 80.00 80.00 79.00 79.00 78.00 77.00 77.00
81.00 78.00 82.00 81.00 80.00 78.00 80.00 79.00 78.00 78.00
81.00 80.00 81.00 80.00 80.00 77.00 79.00 79.00 78.00 78.00
81.00 81.00 81.00 79.00 80.00 77.00 78.00 79.00 79.00 79.00
Average 80.00 80.20 81.40 80.20 80.00 Average 77.60 78.80 78.80 78.00 77.60
Stitch length 5.00 5.01 5.09 5.02 5.00 Stitch length 4.85 4.93 4.93 4.88 4.85
STDEV 1.73 1.30 0.55 0.84 0.00 STDEV 0.89 0.84 0.45 0.71 1.14
CV% 2.17 1.63 0.67 1.04 0.00 CV% 1.15 1.06 0.57 0.91 1.47
CI 2.00 1.50 0.63 0.96 0.00 CI 1.03 0.96 0.00 0.81 1.31
81.00 81.00 81.00 80.00 80.00 77.00 78.00 79.00 78.00 79.00
81.00 81.00 81.00 79.00 80.00 77.00 79.00 80.00 79.00 77.00
81.00 80.00 80.00 80.00 79.00 77.00 78.00 79.00 79.00 79.00
80.00 79.00 80.00 78.00 80.00 77.00 79.00 79.00 78.00 79.00
81.00 81.00 80.00 80.00 79.00 78.00 78.00 79.00 78.00 80.00
Average 80.80 80.40 80.40 79.40 79.60 Average 77.20 78.40 79.20 78.40 78.80
Stitch length 5.05 5.03 5.03 4.96 4.98 Stitch length 4.83 4.90 4.95 4.90 4.93
STDEV 0.45 0.89 0.55 0.89 0.55 STDEV 0.45 0.55 0.45 0.55 1.10
CV% 0.55 1.11 0.68 1.13 0.69 CV% 0.58 0.70 0.56 0.70 1.39
CI 0.52 1.03 0.63 1.03 0.63 CI 0.52 0.63 0.00 0.63 1.26
80.00 81.00 81.00 80.00 80.00 77.00 77.00 80.00 78.00 77.00
80.00 81.00 80.00 81.00 79.00 77.00 77.00 79.00 78.00 78.00
81.00 81.00 80.00 79.00 80.00 77.00 80.00 77.00 78.00 78.00
82.00 82.00 81.00 79.00 80.00 78.00 79.00 80.00 79.00 79.00
79.00 81.00 80.00 81.00 80.00 78.00 79.00 78.00 78.00 80.00
Average 80.40 81.20 80.40 80.00 79.80 Average 77.40 78.40 78.80 78.20 78.40
Stitch length 5.03 5.08 5.03 5.00 4.99 Stitch length 4.84 4.90 4.93 4.89 4.89
STDEV 1.14 0.45 0.55 1.00 0.45 STDEV 0.55 1.34 1.30 0.45 1.14
CV% 1.42 0.55 0.68 1.25 0.56 CV% 0.71 1.71 1.65 0.57 1.45
CI 1.31 0.52 0.63 1.15 0.52 CI 0.63 1.55 0.00 0.52 1.31
a a
S2/ Front S2/ Back
b b
c c
d d
e e
 
Table B.7 S2 Stitch Length Data 
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Zones FL NL M NR FR Zones FL NL M NR FR
82.00 81.00 82.00 82.00 81.00 80.00 78.00 79.00 79.00 80.00
80.00 82.00 82.00 82.00 80.00 77.00 79.00 80.00 78.00 79.00
83.00 81.00 82.00 82.00 82.00 77.00 78.00 79.00 79.00 79.00
83.00 81.00 82.00 82.00 81.00 77.00 80.00 79.00 78.00 79.00
82.00 81.00 82.00 82.00 82.00 78.00 79.00 80.00 79.00 78.00
Average 82.00 81.20 82.00 82.00 81.20 Average 77.80 78.80 79.40 78.60 79.00
Stitch length 5.13 5.08 5.13 5.13 5.08 Stitch length 4.86 4.93 4.96 4.91 4.94
STDEV 1.22 0.45 0.00 0.00 0.84 STDEV 1.30 0.84 0.55 0.55 0.71
CV% 1.49 0.55 0.00 0.00 1.03 CV% 1.68 1.06 0.69 0.70 0.90
CI 1.41 0.52 0.00 0.00 0.96 CI 1.50 0.96 0.00 0.63 0.81
81.00 82.00 80.00 82.00 80.00 80.00 79.00 80.00 80.00 78.00
82.00 82.00 80.00 81.00 81.00 78.00 80.00 79.00 80.00 80.00
82.00 82.00 81.00 83.00 82.00 78.00 79.00 80.00 79.00 78.00
80.00 83.00 82.00 81.00 80.00 78.00 79.00 79.00 79.00 79.00
81.00 82.00 82.00 81.00 80.00 77.00 79.00 80.00 79.00 78.00
Average 81.20 82.20 81.00 81.60 80.60 Average 78.20 79.20 79.60 79.40 78.60
Stitch length 5.08 5.14 5.06 5.10 5.04 Stitch length 4.89 4.95 4.98 4.96 4.91
STDEV 0.84 0.45 1.00 0.89 0.89 STDEV 1.10 0.45 0.55 0.55 0.89
CV% 1.03 0.54 1.23 1.10 1.11 CV% 1.40 0.56 0.69 0.69 1.14
CI 0.96 0.52 1.15 1.03 1.03 CI 1.26 0.52 0.00 0.63 1.03
80.00 81.00 80.00 80.00 81.00 77.00 78.00 79.00 79.00 79.00
81.00 82.00 82.00 82.00 80.00 78.00 79.00 79.00 80.00 79.00
81.00 82.00 82.00 81.00 82.00 78.00 78.00 79.00 80.00 79.00
81.00 81.00 82.00 82.00 82.00 78.00 78.00 80.00 79.00 78.00
82.00 82.00 81.00 81.00 81.00 77.00 78.00 79.00 79.00 78.00
Average 81.00 81.60 81.40 81.20 81.20 Average 77.60 78.20 79.20 79.40 78.60
Stitch length 5.06 5.10 5.09 5.08 5.08 Stitch length 4.85 4.89 4.95 4.96 4.91
STDEV 0.71 0.55 0.89 0.84 0.84 STDEV 0.55 0.45 0.45 0.55 0.55
CV% 0.87 0.67 1.10 1.03 1.03 CV% 0.71 0.57 0.56 0.69 0.70
CI 0.81 0.63 1.03 0.96 0.96 CI 0.63 0.52 0.00 0.63 0.63
81.00 81.00 81.00 81.00 81.00 79.00 77.00 78.00 78.00 78.00
81.00 82.00 82.00 80.00 81.00 77.00 78.00 79.00 78.00 78.00
81.00 81.00 80.00 80.00 81.00 78.00 78.00 80.00 78.00 78.00
82.00 80.00 82.00 82.00 82.00 77.00 79.00 78.00 79.00 78.00
82.00 82.00 82.00 82.00 83.00 78.00 78.00 79.00 78.00 78.00
Average 81.40 81.20 81.40 81.00 81.60 Average 77.80 78.00 78.80 78.20 78.00
Stitch length 5.09 5.08 5.09 5.06 5.10 Stitch length 4.86 4.88 4.93 4.89 4.88
STDEV 0.55 0.84 0.89 1.00 0.89 STDEV 0.84 0.71 0.84 0.45 0.00
CV% 0.67 1.03 1.10 1.23 1.10 CV% 1.08 0.91 1.06 0.57 0.00
CI 0.63 0.96 1.03 1.15 1.03 CI 0.96 0.81 0.00 0.52 0.00
81.00 82.00 80.00 81.00 81.00 79.00 79.00 80.00 78.00 79.00
81.00 82.00 81.00 81.00 81.00 78.00 78.00 78.00 78.00 80.00
82.00 81.00 81.00 81.00 82.00 79.00 78.00 78.00 79.00 79.00
82.00 81.00 81.00 80.00 81.00 77.00 80.00 79.00 80.00 80.00
82.00 81.00 81.00 81.00 81.00 77.00 78.00 80.00 80.00 80.00
Average 81.60 81.40 80.80 80.80 81.20 Average 78.00 78.60 79.00 79.00 79.60
Stitch length 5.10 5.09 5.05 5.05 5.08 Stitch length 4.88 4.91 4.94 4.94 4.98
STDEV 0.55 0.55 0.45 0.45 0.45 STDEV 1.00 0.89 1.00 1.00 0.55
CV% 0.67 0.67 0.55 0.55 0.55 CV% 1.28 1.14 1.27 1.27 0.69
CI 0.63 0.63 0.52 0.52 0.52 CI 1.15 1.03 0.00 1.15 0.63
a a
S3/ BackS3/ Front
b b
c c
d d
e e
 
Table B.8 S3 Stitch Length Data 
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Zones FL NL M NR FR Zones FL NL M NR FR
83.00 86.00 88.00 88.00 88.00 85.00 85.00 88.00 86.00 87.00
83.00 86.00 86.00 88.00 88.00 84.00 85.00 86.00 86.00 86.00
83.00 86.00 88.00 88.00 88.00 84.00 84.00 88.00 86.00 86.00
84.00 85.00 88.00 88.00 88.00 84.00 85.00 86.00 86.00 86.00
83.00 85.00 88.00 88.00 88.00 83.00 85.00 87.00 86.00 86.00
Average 83.20 85.60 87.60 88.00 88.00 Average 84.00 84.80 87.00 86.00 86.20
Stitch length 5.20 5.40 5.50 5.50 5.50 Stitch length 5.30 5.30 5.40 5.40 5.40
STDEV 0.45 0.55 0.89 0.00 0.00 STDEV 0.71 0.45 1.00 0.00 0.45
CV% 0.54 0.64 1.02 0.00 0.00 CV% 0.84 0.53 1.15 0.00 0.52
CI 0.52 0.63 1.03 0.00 0.00 CI 0.81 0.52 1.15 0.00 0.52
83.00 84.00 87.00 88.00 88.00 83.00 86.00 86.00 86.00 86.00
84.00 85.00 87.00 87.00 88.00 84.00 85.00 87.00 86.00 86.00
83.00 85.00 87.00 87.00 88.00 85.00 87.00 87.00 87.00 86.00
83.00 85.00 88.00 86.00 87.00 83.00 85.00 87.00 87.00 86.00
84.00 86.00 88.00 86.00 87.00 85.00 87.00 87.00 86.00 85.00
Average 83.40 85.00 87.40 86.80 87.60 Average 84.00 86.00 86.80 86.40 85.80
Stitch length 5.20 5.30 5.50 5.40 5.50 Stitch length 5.30 5.40 5.40 5.40 5.40
STDEV 0.55 0.71 0.55 0.84 0.55 STDEV 1.00 1.00 0.45 0.55 0.45
CV% 0.66 0.83 0.63 0.96 0.63 CV% 1.19 1.16 0.52 0.63 0.52
CI 0.63 0.81 0.63 0.96 0.63 CI 1.15 1.15 0.52 0.63 0.52
82.00 86.00 88.00 87.00 87.00 84.00 86.00 86.00 87.00 86.00
84.00 84.00 87.00 87.00 88.00 85.00 85.00 86.00 86.00 85.00
83.00 86.00 86.00 87.00 89.00 84.00 87.00 86.00 87.00 86.00
83.00 86.00 88.00 87.00 88.00 84.00 86.00 87.00 86.00 86.00
83.00 82.00 88.00 86.00 88.00 84.00 85.00 86.00 86.00 86.00
Average 83.00 84.80 87.40 86.80 88.00 Average 84.20 85.80 86.20 86.40 85.80
Stitch length 5.20 5.30 5.50 5.50 5.50 Stitch length 5.30 5.40 5.40 5.40 5.40
STDEV 0.71 1.79 0.89 0.45 0.71 STDEV 0.45 0.84 0.45 0.55 0.45
CV% 0.85 2.11 1.02 0.52 0.80 CV% 0.53 0.98 0.52 0.63 0.52
CI 0.81 2.06 1.03 0.52 0.81 CI 0.52 0.96 0.52 0.63 0.52
84.00 86.00 88.00 88.00 87.00 84.00 85.00 88.00 87.00 87.00
83.00 86.00 88.00 87.00 87.00 85.00 86.00 86.00 87.00 86.00
83.00 86.00 86.00 87.00 87.00 84.00 86.00 87.00 86.00 86.00
83.00 85.00 87.00 87.00 87.00 84.00 86.00 87.00 86.00 87.00
82.00 86.00 87.00 87.00 89.00 83.00 85.00 87.00 86.00 86.00
Average 83.00 85.80 87.20 87.20 87.40 Average 84.00 85.60 87.00 86.40 86.40
Stitch length 5.20 5.40 5.50 5.50 5.50 Stitch length 5.30 5.40 5.40 5.40 5.40
STDEV 0.71 0.45 0.84 0.45 0.89 STDEV 0.71 0.55 0.71 0.55 0.55
CV% 0.85 0.52 0.96 0.51 1.02 CV% 0.84 0.64 0.81 0.63 0.63
CI 0.81 0.52 0.96 0.52 1.03 CI 0.81 0.63 0.81 0.63 0.63
83.00 85.00 88.00 87.00 88.00 83.00 85.00 87.00 87.00 86.00
82.00 86.00 88.00 88.00 87.00 83.00 86.00 86.00 86.00 85.00
83.00 86.00 86.00 87.00 87.00 85.00 87.00 87.00 86.00 85.00
83.00 86.00 87.00 86.00 87.00 84.00 85.00 86.00 86.00 86.00
82.00 85.00 87.00 87.00 88.00 84.00 86.00 87.00 87.00 85.00
Average 82.60 85.60 87.20 87.00 87.40 Average 83.80 85.80 86.60 86.40 85.40
Stitch length 5.20 5.40 5.50 5.40 5.50 Stitch length 5.20 5.40 5.40 5.40 5.30
STDEV 0.55 0.55 0.84 0.71 0.55 STDEV 0.84 0.84 0.55 0.55 0.55
CV% 0.66 0.64 0.96 0.81 0.63 CV% 1.00 0.98 0.63 0.63 0.64
CI 0.63 0.63 0.96 0.81 0.63 CI 0.96 0.96 0.63 0.63 0.63
d d
e e
b b
c c
a a
ST1/ Front ST1/ Back
 
Table B.9 ST1 Stitch Length Data 
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Zones FL NL M NR FR Zones FL NL M NR FR
84.00 86.00 87.00 87.00 88.00 85.00 86.00 86.00 86.00 85.00
82.00 85.00 88.00 87.00 88.00 84.00 86.00 88.00 86.00 86.00
82.00 86.00 88.00 87.00 88.00 85.00 87.00 88.00 87.00 86.00
82.00 86.00 88.00 87.00 87.00 84.00 86.00 87.00 85.00 85.00
82.00 86.00 88.00 88.00 88.00 83.00 84.00 87.00 86.00 86.00
Average 82.40 85.80 87.80 87.20 87.80 Average 84.20 85.80 87.20 86.00 85.60
Stitch length 5.20 5.40 5.50 5.50 5.50 Stitch length 5.30 5.40 5.50 5.40 5.40
STDEV 0.89 0.45 0.45 0.45 0.45 STDEV 0.84 1.10 0.84 0.71 0.55
CV% 1.09 0.52 0.51 0.51 0.51 CV% 0.99 1.28 0.96 0.82 0.64
CI 1.03 0.52 0.52 0.52 0.52 CI 0.96 1.26 0.96 0.81 0.63
82.00 85.00 87.00 88.00 89.00 84.00 85.00 87.00 85.00 86.00
82.00 86.00 88.00 87.00 89.00 84.00 86.00 86.00 87.00 87.00
81.00 86.00 87.00 87.00 90.00 84.00 86.00 87.00 87.00 87.00
82.00 86.00 88.00 88.00 89.00 84.00 85.00 86.00 87.00 87.00
82.00 85.00 88.00 88.00 88.00 84.00 85.00 87.00 86.00 86.00
Average 81.80 85.60 87.60 87.60 89.00 Average 84.00 85.40 86.60 86.40 86.60
Stitch length 5.10 5.40 5.50 5.50 5.60 Stitch length 5.30 5.30 5.40 5.40 5.40
STDEV 0.45 0.55 0.55 0.55 0.71 STDEV 0.00 0.55 0.55 0.89 0.55
CV% 0.55 0.64 0.63 0.63 0.79 CV% 0.00 0.64 0.63 1.04 0.63
CI 0.52 0.63 0.63 0.63 0.81 CI 0.00 0.63 0.63 1.03 0.63
81.00 85.00 88.00 89.00 88.00 84.00 86.00 87.00 85.00 86.00
81.00 86.00 86.00 88.00 88.00 83.00 86.00 86.00 87.00 86.00
82.00 81.00 87.00 88.00 89.00 85.00 85.00 87.00 87.00 86.00
81.00 85.00 88.00 88.00 88.00 84.00 85.00 86.00 87.00 87.00
82.00 86.00 88.00 87.00 89.00 83.00 85.00 87.00 86.00 87.00
Average 81.40 84.60 87.40 88.00 88.40 Average 83.80 85.40 86.60 86.40 86.40
Stitch length 5.10 5.30 5.50 5.50 5.50 Stitch length 5.20 5.30 5.40 5.40 5.40
STDEV 0.55 2.07 0.89 0.71 0.55 STDEV 0.84 0.55 0.55 0.89 0.55
CV% 0.67 2.45 1.02 0.80 0.62 CV% 1.00 0.64 0.63 1.04 0.63
CI 0.63 2.39 1.03 0.81 0.63 CI 0.96 0.63 0.63 1.03 0.63
82.00 86.00 87.00 87.00 88.00 84.00 86.00 86.00 87.00 86.00
82.00 87.00 86.00 87.00 88.00 83.00 86.00 87.00 86.00 86.00
82.00 86.00 88.00 87.00 89.00 84.00 86.00 87.00 86.00 86.00
83.00 86.00 88.00 88.00 89.00 85.00 86.00 86.00 87.00 86.00
81.00 87.00 86.00 89.00 88.00 85.00 85.00 86.00 87.00 86.00
Average 82.00 86.40 87.00 87.60 88.40 Average 84.20 85.80 86.40 86.60 86.00
Stitch length 5.10 5.40 5.40 5.50 5.50 Stitch length 5.30 5.40 5.40 5.40 5.40
STDEV 0.71 0.55 1.00 0.89 0.55 STDEV 0.84 0.45 0.55 0.55 0.00
CV% 0.86 0.63 1.15 1.02 0.62 CV% 0.99 0.52 0.63 0.63 0.00
CI 0.81 0.63 1.15 1.03 0.63 CI 0.96 0.52 0.63 0.63 0.00
82.00 86.00 87.00 87.00 88.00 84.00 85.00 87.00 87.00 86.00
82.00 86.00 87.00 88.00 87.00 84.00 86.00 86.00 87.00 86.00
82.00 85.00 87.00 87.00 87.00 84.00 87.00 87.00 87.00 86.00
82.00 85.00 87.00 88.00 88.00 84.00 86.00 88.00 86.00 87.00
82.00 86.00 87.00 87.00 88.00 85.00 85.00 86.00 86.00 86.00
Average 82.00 85.60 87.00 87.40 87.60 Average 84.20 85.80 86.80 86.60 86.20
Stitch length 5.10 5.40 5.40 5.50 5.50 Stitch length 5.30 5.40 5.40 5.40 5.40
STDEV 0.00 0.55 0.00 0.55 0.55 STDEV 0.45 0.84 0.84 0.55 0.45
CV% 0.00 0.64 0.00 0.63 0.63 CV% 0.53 0.98 0.96 0.63 0.52
CI 0.00 0.63 0.00 0.63 0.63 CI 0.52 0.96 0.96 0.63 0.52
ST2/ BackST2/ Front
a a
b b
c c
d d
e e
 
Table B.10 ST2 Stitch Length Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
W C
W C
 E351 NP=11.0 Front
E351 NP=11.0  Back
 
Table B.11 E351, NP11 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.10 1.10 1.00 1.10 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.10 1.10 1.00 1.00 1.10 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.10 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.10 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.06 1.06 1.00 1.02 1.02 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.05 0.05 0.00 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 5.17 5.17 0.00 4.38 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.06 0.06 0.00 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.65 0.70 0.70
b 1.10 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.65 0.70 0.70
c 1.00 1.10 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.65
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.68 0.65
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.02 1.02 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.68 0.70 0.68
STDEV 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.03
CV% 4.38 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.03 1.29 4.03
Confidence Interval 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.03
W C
W C
E351  NP=12.0  Front
E351  NP=12.0  Back
 
Table B.12 E351, NP12 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.20 1.20 1.20 1.10 1.10 1.20 0.70 0.80 0.70 0.70 0.80 0.70
b 1.20 1.10 1.20 1.10 1.20 1.20 0.80 0.80 0.70 0.70 0.80 0.80
c 1.10 1.20 1.20 1.20 1.20 1.20 0.70 0.80 0.70 0.80 0.80 0.80
d 1.10 1.20 1.20 1.10 1.10 1.10 0.80 0.70 0.70 0.70 0.80 0.80
e 1.10 1.20 1.20 1.20 1.10 1.20 0.70 0.70 0.70 0.80 0.70 0.70
Average 1.14 1.18 1.20 1.14 1.14 1.18 0.74 0.76 0.70 0.74 0.78 0.76
STDEV 0.05 0.04 0.00 0.05 0.05 0.04 0.05 0.05 0.00 0.05 0.04 0.05
CV% 4.80 3.79 0.00 4.80 4.80 3.79 7.40 7.21 0.00 7.40 5.73 7.21
Confidence Interval 0.06 0.05 0.00 0.06 0.06 0.05 0.06 0.06 0.00 0.06 0.05 0.06
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.10 1.10 1.10 1.10 1.10 1.10 0.70 0.70 0.70 0.70 0.70 0.70
b 1.10 1.10 1.20 1.10 1.10 1.10 0.75 0.70 0.70 0.70 0.70 0.70
c 1.10 1.10 1.10 1.10 1.10 1.10 0.75 0.70 0.70 0.70 0.70 0.75
d 1.10 1.10 1.10 1.10 1.10 1.10 0.70 0.70 0.70 0.70 0.70 0.70
e 1.10 1.10 1.10 1.10 1.20 1.10 0.70 0.70 0.74 0.70 0.75 0.70
Average 1.10 1.10 1.12 1.10 1.12 1.10 0.72 0.70 0.71 0.70 0.71 0.71
STDEV 0.00 0.00 0.04 0.00 0.04 0.00 0.03 0.00 0.02 0.00 0.02 0.02
CV% 0.00 0.00 3.99 0.00 3.99 0.00 3.80 0.00 2.53 0.00 3.15 3.15
Confidence Interval 0.00 0.00 0.05 0.00 0.05 0.00 0.03 0.00 0.02 0.00 0.03 0.03
E351  NP=13.0  Front
E351 NP=13.0  Back
W C
W C
 
Table B.13 E351, NP13 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.10 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.10 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.02 1.00 1.02 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 4.38 0.00 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.05 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D963A NP=11.0  Front
D963A  NP=11.0   Back
W C
W C
 
Table B.14 D963A, NP11 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D963A    NP=12.0   Front
D963A    NP=12.0   Back
W C
W C
 
Table B.15 D963A, NP12 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D963A    NP=13.0  Front
D963A    NP=13.0  Back
W C
W C
 
Table B.16 D963A, NP13 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.10 1.10 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.80
c 1.10 1.10 1.00 1.00 1.10 1.10 0.70 0.70 0.70 0.70 0.70 0.80
d 1.10 1.00 1.10 1.10 1.10 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.10 1.00 1.10 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.04 1.02 1.04 1.04 1.08 1.02 0.70 0.70 0.70 0.70 0.70 0.74
STDEV 0.05 0.04 0.05 0.05 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.05
CV% 5.27 4.38 5.27 5.27 4.14 4.38 0.00 0.00 0.00 0.00 0.00 7.40
Confidence Interval 0.06 0.05 0.06 0.06 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.06
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.80
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.80 0.70 0.70 0.70 0.80
d 1.00 1.00 1.00 1.10 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.02 1.00 1.00 0.70 0.72 0.70 0.70 0.70 0.74
STDEV 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.05
CV% 0.00 0.00 0.00 4.38 0.00 0.00 0.00 6.21 0.00 0.00 0.00 7.40
Confidence Interval 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.06
D963C NP=11.0   Back
D963C NP=11.0  Front
W C
W C
 
Table B.17 D963C, NP11 Wale and Course Pitch Data 
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Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.75 0.70 0.70 0.70 0.80
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.75 0.80 0.70 0.70 0.70
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.75 0.70 0.80 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.80 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.75 0.72 0.72 0.70 0.72
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.00 0.04
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.71 6.21 6.21 0.00 6.21
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.05 0.05 0.00 0.05
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.80 0.80
c 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.80 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.72 0.72 0.72
STDEV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04
CV% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.21 6.21 6.21
Confidence Interval 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05
W C
W C
D963C  NP=12.0  Back
D963C NP=12.0  Front
 
Table B.18 D963C, NP12 Wale and Course Pitch Data 
  
193 
 
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
c 1.00 1.00 1.10 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
d 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.02 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
STDEV 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV% 0.00 0.00 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Interval 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zones FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm) FL (mm) NL (mm) ML (mm) MR (mm) NR (mm) FR (mm)
a 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
b 1.00 1.00 1.00 1.10 1.00 1.00 0.70 0.70 0.70 0.70 0.80 0.70
c 1.00 1.00 1.00 1.10 1.10 1.00 0.70 0.70 0.70 0.70 0.70 0.80
d 1.00 1.00 1.00 1.10 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70 0.70 0.70 0.70
Average 1.00 1.00 1.00 1.06 1.02 1.00 0.70 0.70 0.70 0.70 0.72 0.72
STDEV 0.00 0.00 0.00 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.04 0.04
CV% 0.00 0.00 0.00 5.17 4.38 0.00 0.00 0.00 0.00 0.00 6.21 6.21
Confidence Interval 0.00 0.00 0.00 0.06 0.05 0.00 0.00 0.00 0.00 0.00 0.05 0.05
W C
W C
D963C  NP=13.0  Back
D963C NP=13.0  Front
 
Table B.19 D963C, NP13 Wale and Course Pitch Data 
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Zones L M R Zones L M R
59.00 56.00 57.00 56.00 58.00 59.00
57.00 56.00 59.00 57.00 57.00 59.00
58.00 55.00 58.00 57.00 57.00 59.00
56.00 56.00 58.00 56.00 57.00 59.00
56.00 57.00 57.00 55.00 58.00 59.00
56.00 56.00 58.00 56.00 57.00 60.00
57.00 56.00 56.00 56.00 59.00 60.00
57.00 57.00 58.00 56.00 58.00 60.00
57.00 57.00 56.00 57.00 58.00 59.00
56.00 57.00 58.00 57.00 57.00 61.00
Average 56.90 56.30 57.50 Average 56.30 57.60 59.50
Stitch length 3.56 3.52 3.59 Stitch length 3.52 3.60 3.72
STDEV 0.99 0.67 0.97 STDEV 0.67 0.70 0.71
CV% 1.75 1.20 1.69 CV% 1.20 1.21 1.19
Confidence Interval 0.81 0.55 0.79 Confidence Interval 0.55 0.57 0.58
55.00 56.00 60.00 57.00 58.00 59.00
56.00 53.00 57.00 56.00 57.00 59.00
55.00 56.00 57.00 54.00 56.00 60.00
55.00 56.00 57.00 55.00 58.00 60.00
54.00 56.00 57.00 56.00 56.00 57.00
56.00 54.00 56.00 56.00 57.00 60.00
56.00 53.00 58.00 56.00 58.00 59.00
54.00 56.00 57.00 56.00 57.00 59.00
54.00 55.00 57.00 56.00 56.00 58.00
54.00 56.00 56.00 55.00 56.00 59.00
Average 54.90 55.10 57.20 Average 55.70 56.90 59.00
Stitch length 3.43 3.44 3.58 Stitch length 3.48 3.56 3.69
STDEV 0.88 1.29 1.14 STDEV 0.82 0.88 0.94
CV% 1.59 2.34 1.98 CV% 1.48 1.54 1.60
Confidence Interval 0.71 1.05 0.92 Confidence Interval 0.67 0.71 0.77
55.00 57.00 57.00 57.00 56.00 58.00
54.00 56.00 58.00 56.00 56.00 59.00
55.00 56.00 58.00 56.00 57.00 57.00
56.00 55.00 56.00 57.00 59.00 60.00
53.00 56.00 58.00 56.00 57.00 60.00
54.00 55.00 56.00 58.00 57.00 59.00
55.00 55.00 57.00 56.00 57.00 58.00
56.00 56.00 56.00 57.00 57.00 57.00
56.00 55.00 58.00 56.00 58.00 57.00
55.00 55.00 59.00 54.00 56.00 58.00
Average 54.90 55.60 57.30 Average 56.30 57.00 58.30
Stitch length 3.43 3.48 3.58 Stitch length 3.52 3.56 3.64
STDEV 0.99 0.70 1.06 STDEV 1.06 0.94 1.16
CV% 1.81 1.26 1.85 CV% 1.88 1.65 1.99
Confidence Interval 0.81 0.57 0.86 Confidence Interval 0.86 0.77 0.94
b b
c c
E351 NP=11.0 
Front Back
a a
 
Table B.20 E351, NP11 Stitch Length Data 
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Zones L M R Zone L M R
58.00 57.00 59.00 57.00 59.00 61.00
57.00 57.00 57.00 57.00 59.00 59.00
56.00 57.00 59.00 58.00 58.00 59.00
58.00 56.00 59.00 58.00 58.00 59.00
57.00 58.00 58.00 58.00 57.00 60.00
56.00 58.00 59.00 57.00 57.00 58.00
56.00 57.00 60.00 57.00 58.00 59.00
56.00 58.00 59.00 60.00 57.00 59.00
56.00 58.00 58.00 58.00 57.00 59.00
56.00 58.00 58.00 57.00 58.00 60.00
Average 56.60 57.40 58.60 Average 57.70 57.80 59.30
Stitch length 3.54 3.59 3.66 Stitch length 3.61 3.61 3.71
STDEV 0.84 0.70 0.84 STDEV 0.95 0.79 0.82
CV% 1.49 1.22 1.44 CV% 1.64 1.36 1.39
Confidence Interval 0.69 0.57 0.69 Confidence Interval 0.77 0.64 0.67
56.00 57.00 57.00 56.00 59.00 62.00
57.00 58.00 58.00 57.00 58.00 59.00
56.00 57.00 60.00 56.00 58.00 60.00
56.00 58.00 58.00 58.00 57.00 60.00
57.00 58.00 59.00 57.00 58.00 60.00
56.00 56.00 57.00 57.00 58.00 59.00
57.00 57.00 58.00 55.00 57.00 59.00
56.00 57.00 59.00 57.00 59.00 59.00
56.00 56.00 58.00 57.00 59.00 57.00
55.00 56.00 58.00 55.00 59.00 60.00
Average 56.20 57.00 58.20 Average 56.50 58.20 59.50
Stitch length 3.51 3.56 3.64 Stitch length 3.53 3.64 3.72
STDEV 0.63 0.82 0.92 STDEV 0.97 0.79 1.27
CV% 1.13 1.43 1.58 CV% 1.72 1.36 2.13
Confidence Interval 0.52 0.67 0.75 Confidence Interval 0.79 0.64 1.03
57.00 58.00 58.00 56.00 59.00 59.00
57.00 57.00 57.00 57.00 58.00 59.00
57.00 58.00 56.00 57.00 57.00 57.00
55.00 57.00 56.00 57.00 58.00 56.00
54.00 57.00 59.00 56.00 56.00 59.00
54.00 57.00 56.00 56.00 56.00 58.00
56.00 57.00 58.00 57.00 56.00 58.00
55.00 57.00 56.00 56.00 58.00 59.00
56.00 57.00 58.00 57.00 58.00 59.00
55.00 58.00 58.00 59.00 59.00 61.00
Average 55.60 57.30 57.20 Average 56.80 57.50 58.50
Stitch length 3.48 3.58 3.58 Stitch length 3.55 3.59 3.66
STDEV 1.17 0.48 1.14 STDEV 0.92 1.18 1.35
CV% 2.11 0.84 1.98 CV% 1.62 2.05 2.31
Confidence Interval 0.96 0.39 0.92 Confidence Interval 0.75 0.96 1.10
b b
c c
E351 NP=12.0 
Front Back
a a
 
Table B.21 E351, NP12 Stitch Length Data 
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Zone L M R Zone L M R
57.00 58.00 57.00 56.00 58.00 59.00
57.00 58.00 58.00 58.00 59.00 58.00
57.00 57.00 59.00 58.00 59.00 58.00
57.00 58.00 58.00 59.00 59.00 57.00
55.00 56.00 59.00 59.00 59.00 58.00
57.00 57.00 59.00 59.00 58.00 59.00
57.00 56.00 58.00 59.00 58.00 60.00
56.00 58.00 59.00 59.00 58.00 58.00
55.00 57.00 58.00 58.00 58.00 57.00
57.00 57.00 58.00 58.00 55.00 58.00
Average 56.50 57.20 58.30 Average 58.30 58.10 58.20
Stitch length 3.53 3.58 3.64 Stitch length 3.64 3.63 3.64
STDEV 0.85 0.79 0.67 STDEV 0.95 1.20 0.92
CV% 1.50 1.38 1.16 CV% 1.63 2.06 1.58
Confidence Interval 0.69 0.64 0.55 Confidence Interval 0.77 0.98 0.75
57.00 58.00 58.00 58.00 59.00 59.00
58.00 58.00 58.00 57.00 57.00 58.00
58.00 57.00 57.00 59.00 57.00 60.00
57.00 58.00 56.00 57.00 58.00 56.00
57.00 59.00 58.00 60.00 59.00 59.00
56.00 57.00 58.00 57.00 59.00 58.00
57.00 58.00 58.00 57.00 58.00 59.00
56.00 59.00 57.00 58.00 58.00 56.00
56.00 58.00 58.00 58.00 58.00 57.00
56.00 58.00 58.00 58.00 58.00 57.00
Average 56.80 58.00 57.60 Average 57.90 58.10 57.90
Stitch length 3.55 3.63 3.60 Stitch length 3.62 3.63 3.62
STDEV 0.79 0.67 0.70 STDEV 0.99 0.74 1.37
CV% 1.39 1.15 1.21 CV% 1.72 1.27 2.37
Confidence Interval 0.64 0.54 0.57 Confidence Interval 0.81 0.60 1.12
56.00 59.00 60.00 58.00 59.00 59.00
56.00 58.00 58.00 56.00 58.00 57.00
55.00 58.00 58.00 56.00 58.00 58.00
54.00 57.00 57.00 56.00 59.00 57.00
55.00 56.00 57.00 56.00 58.00 59.00
55.00 57.00 58.00 56.00 58.00 58.00
56.00 56.00 58.00 56.00 57.00 58.00
56.00 57.00 59.00 58.00 58.00 58.00
56.00 58.00 59.00 57.00 58.00 58.00
55.00 57.00 56.00 57.00 58.00 57.00
Average 55.40 57.30 58.00 Average 56.60 58.10 57.90
Stitch length 3.46 3.58 3.63 Stitch length 3.54 3.63 3.62
STDEV 0.70 0.95 1.15 STDEV 0.84 0.57 0.74
CV% 1.26 1.66 1.99 CV% 1.49 0.98 1.27
Confidence Interval 0.57 0.77 0.94 Confidence Interval 0.69 0.46 0.60
a
b
c
E351 NP=13.0 
Back
a
b
c
Front
 
Table B.22 E351, NP13 Stitch Length Data 
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Zones L M R Zones L M R
57.00 57.00 57.00 57.00 57.00 58.00
58.00 57.00 57.00 57.00 58.00 57.00
57.00 57.00 57.00 57.00 57.00 58.00
57.00 56.00 57.00 57.00 58.00 57.00
56.00 57.00 57.00 57.00 57.00 58.00
56.00 57.00 57.00 57.00 57.00 59.00
57.00 57.00 57.00 57.00 57.00 57.00
58.00 57.00 57.00 54.00 57.00 57.00
57.00 55.00 57.00 57.00 57.00 57.00
58.00 58.00 57.00 57.00 57.00 58.00
Average 57.10 56.80 57.00 Average 56.70 57.20 57.60
Stitch length 3.57 3.55 3.56 Stitch length 3.54 3.58 3.60
STDEV 0.74 0.79 0.00 STDEV 0.95 0.42 0.70
CV% 1.29 1.39 0.00 CV% 1.67 0.74 1.21
Confidence Interval 0.60 0.64 0.00 Confidence Interval 0.77 0.34 0.57
57.00 57.00 57.00 57.00 57.00 57.00
57.00 57.00 56.00 57.00 57.00 58.00
57.00 57.00 55.00 57.00 57.00 57.00
57.00 55.00 57.00 57.00 57.00 57.00
57.00 57.00 57.00 57.00 57.00 57.00
57.00 56.00 54.00 57.00 58.00 57.00
57.00 57.00 57.00 57.00 58.00 57.00
57.00 57.00 57.00 57.00 57.00 57.00
57.00 57.00 57.00 57.00 57.00 57.00
57.00 56.00 57.00 57.00 57.00 57.00
Average 57.00 56.60 56.40 Average 57.00 57.20 57.10
Stitch length 3.56 3.54 3.53 Stitch length 3.56 3.58 3.57
STDEV 0.00 0.70 1.07 STDEV 0.00 0.42 0.32
CV% 0.00 1.24 1.91 CV% 0.00 0.74 0.55
Confidence Interval 0.00 0.57 0.88 Confidence Interval 0.00 0.34 0.26
57.00 57.00 57.00 57.00 58.00 57.00
57.00 57.00 56.00 57.00 57.00 59.00
57.00 57.00 57.00 57.00 57.00 60.00
57.00 57.00 57.00 56.00 57.00 57.00
57.00 57.00 55.00 56.00 57.00 58.00
57.00 57.00 55.00 58.00 57.00 58.00
57.00 57.00 57.00 59.00 57.00 57.00
57.00 57.00 57.00 57.00 57.00 57.00
57.00 56.00 56.00 57.00 57.00 57.00
57.00 56.00 57.00 57.00 57.00 57.00
Average 57.00 56.80 56.40 Average 57.10 57.10 57.70
Stitch length 3.56 3.55 3.53 Stitch length 3.57 3.57 3.61
STDEV 0.00 0.42 0.84 STDEV 0.88 0.32 1.06
CV% 0.00 0.74 1.50 CV% 1.53 0.55 1.84
Confidence Interval 0.00 0.34 0.69 Confidence Interval 0.71 0.26 0.86
D963A  NP=11.0 
Front Back
c c
a a
b b
 
Table B.23 D963A, NP11 Stitch Length Data 
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Zones L M R Zones L M R
54.00 56.00 60.00 56.00 57.00 59.00
54.00 56.00 57.00 56.00 58.00 59.00
54.00 56.00 59.00 56.00 57.00 59.00
54.00 56.00 59.00 56.00 58.00 59.00
54.00 56.00 59.00 56.00 57.00 59.00
54.00 56.00 57.00 56.00 56.00 59.00
54.00 56.00 56.00 56.00 56.00 59.00
54.00 56.00 56.00 56.00 57.00 58.00
54.00 54.00 58.00 56.00 57.00 60.00
54.00 56.00 56.00 56.00 57.00 58.00
Average 54.00 55.80 57.70 Average 56.00 57.00 58.90
Stitch length 3.38 3.49 3.61 Stitch length 3.50 3.56 3.68
STDEV 0.00 0.63 1.49 STDEV 0.00 0.67 0.57
CV% 0.00 1.13 2.59 CV% 0.00 1.17 0.96
Confidence Interval 0.00 0.52 1.22 Confidence Interval 0.00 0.54 0.46
54.00 56.00 56.00 56.00 58.00 59.00
54.00 56.00 56.00 56.00 58.00 58.00
54.00 56.00 57.00 55.00 58.00 59.00
54.00 57.00 56.00 56.00 59.00 60.00
55.00 56.00 56.00 55.00 59.00 59.00
54.00 56.00 56.00 55.00 57.00 58.00
54.00 56.00 58.00 57.00 57.00 60.00
54.00 56.00 56.00 55.00 58.00 59.00
54.00 56.00 58.00 55.00 56.00 60.00
54.00 56.00 56.00 55.00 58.00 59.00
Average 54.10 56.10 56.50 Average 55.50 57.80 59.10
Stitch length 3.38 3.51 3.53 Stitch length 3.47 3.61 3.69
STDEV 0.32 0.32 0.85 STDEV 0.71 0.92 0.74
CV% 0.58 0.56 1.50 CV% 1.27 1.59 1.25
Confidence Interval 0.26 0.26 0.69 Confidence Interval 0.58 0.75 0.60
54.00 56.00 56.00 56.00 58.00 58.00
54.00 56.00 56.00 56.00 58.00 60.00
54.00 56.00 56.00 55.00 58.00 59.00
55.00 56.00 56.00 56.00 59.00 60.00
54.00 56.00 59.00 55.00 58.00 61.00
55.00 56.00 58.00 56.00 58.00 60.00
54.00 57.00 57.00 56.00 57.00 60.00
54.00 56.00 57.00 56.00 58.00 60.00
54.00 57.00 57.00 56.00 58.00 59.00
54.00 56.00 59.00 57.00 58.00 60.00
Average 54.20 56.20 57.10 Average 55.90 58.00 59.70
Stitch length 3.39 3.51 3.57 Stitch length 3.49 3.63 3.73
STDEV 0.42 0.42 1.20 STDEV 0.57 0.47 0.82
CV% 0.78 0.75 2.10 CV% 1.02 0.81 1.38
Confidence Interval 0.34 0.34 0.98 Confidence Interval 0.46 0.38 0.67
D963A NP=12.0 
Front Back
a a
b b
c c
 
Table B.24 D963A, NP12 Stitch Length Data 
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Zones L M R Zones L M R
55.00 57.00 59.00 57.00 58.00 59.00
56.00 57.00 57.00 57.00 57.00 59.00
55.00 56.00 58.00 58.00 58.00 58.00
56.00 58.00 58.00 58.00 58.00 59.00
55.00 57.00 57.00 58.00 58.00 59.00
55.00 57.00 58.00 57.00 57.00 62.00
56.00 57.00 59.00 57.00 58.00 59.00
55.00 56.00 57.00 57.00 58.00 58.00
56.00 57.00 58.00 57.00 58.00 60.00
56.00 57.00 58.00 57.00 56.00 58.00
Average 55.50 56.90 57.90 Average 57.30 57.60 59.10
Stitch length 3.47 3.56 3.62 Stitch length 3.58 3.60 3.69
STDEV 0.53 0.57 0.74 STDEV 0.48 0.70 1.20
CV% 0.95 1.00 1.27 CV% 0.84 1.21 2.03
Confidence Interval 0.43 0.46 0.60 Confidence Interval 0.39 0.57 0.98
55.00 56.00 60.00 56.00 59.00 59.00
55.00 54.00 57.00 57.00 56.00 59.00
55.00 54.00 58.00 56.00 57.00 60.00
55.00 54.00 57.00 57.00 58.00 58.00
55.00 54.00 57.00 56.00 57.00 62.00
55.00 55.00 57.00 56.00 59.00 59.00
57.00 54.00 58.00 57.00 57.00 58.00
56.00 55.00 58.00 57.00 59.00 61.00
56.00 54.00 57.00 56.00 57.00 59.00
55.00 54.00 57.00 57.00 57.00 60.00
Average 55.40 54.40 57.60 Average 56.50 57.60 59.50
Stitch length 3.46 3.40 3.60 Stitch length 3.53 3.60 3.72
STDEV 0.70 0.70 0.97 STDEV 0.53 1.07 1.27
CV% 1.26 1.29 1.68 CV% 0.93 1.87 2.13
Confidence Interval 0.57 0.57 0.79 Confidence Interval 0.43 0.88 1.03
55.00 56.00 59.00 56.00 57.00 58.00
55.00 56.00 57.00 57.00 57.00 59.00
56.00 56.00 58.00 56.00 56.00 60.00
55.00 56.00 57.00 58.00 58.00 58.00
54.00 55.00 59.00 56.00 57.00 59.00
56.00 56.00 57.00 57.00 57.00 61.00
55.00 56.00 58.00 57.00 57.00 60.00
56.00 56.00 58.00 56.00 56.00 58.00
55.00 55.00 59.00 56.00 57.00 60.00
56.00 57.00 59.00 56.00 57.00 57.00
Average 55.30 55.90 58.10 Average 56.50 56.90 59.00
Stitch length 3.46 3.49 3.63 Stitch length 3.53 3.56 3.69
STDEV 0.67 0.57 0.88 STDEV 0.71 0.57 1.25
CV% 1.22 1.02 1.51 CV% 1.25 1.00 2.11
Confidence Interval 0.55 0.46 0.71 Confidence Interval 0.58 0.46 1.02
D963A NP=13.0 
Front Back
a a
b b
c c
 
Table B.25 D963A, NP13 Stitch Length Data 
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Zones L M R Zones L M R
57 60 61 60 61 62
57 59 62 60 60 61
57 62 60 59 61 62
57 58 63 61 62 63
59 58 61 62 62 62
56 59 60 60 61 60
57 57 60 58 60 62
57 59 61 61 60 64
56 60 60 61 58 63
58 59 61 58 62 63
Average 57.10 59.10 60.90 Average 60.00 60.70 62.20
Stitch length 3.57 3.69 3.81 Stitch length 3.75 3.79 3.89
STDEV 0.88 1.37 0.99 STDEV 1.33 1.25 1.14
CV% 1.53 2.32 1.63 CV% 2.22 2.06 1.83
Confidence Interval 0.71 1.12 0.81 Confidence Interval 1.09 1.02 0.92
56 58 61 61 61 62
55 56 61 61 61 62
57 59 62 61 62 61
56 57 60 59 62 62
56 57 62 59 60 62
57 57 61 60 61 62
57 58 60 59 61 63
56 58 60 60 60 63
56 59 61 60 61 62
55 58 61 59 60 62
Average 56.10 57.70 60.90 Average 59.90 60.90 62.10
Stitch length 3.51 3.61 3.81 Stitch length 3.74 3.81 3.88
STDEV 0.74 0.95 0.74 STDEV 0.88 0.74 0.57
CV% 1.32 1.64 1.21 CV% 1.46 1.21 0.91
Confidence Interval 0.60 0.77 0.60 Confidence Interval 0.71 0.60 0.46
57 59 62 58 58 63
58 58 62 61 60 61
55 57 63 60 60 62
57 58 61 59 59 62
58 59 61 61 60 62
58 59 63 59 60 61
57 57 62 59 62 62
56 60 61 60 60 63
56 58 61 61 62 63
57 59 60 59 62 61
Average 56.90 58.40 61.60 Average 59.70 60.30 62.00
Stitch length 3.56 3.65 3.85 Stitch length 3.73 3.77 3.88
STDEV 0.99 0.97 0.97 STDEV 1.06 1.34 0.82
CV% 1.75 1.65 1.57 CV% 1.77 2.22 1.32
Confidence Interval 0.81 0.79 0.79 Confidence Interval 0.86 1.09 0.67
b b
c c
D963C  NP=11.0 
Front Back
a a
 
Table B.26 D963C, NP11 Stitch Length Data 
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Zones L M R Zones L M R
57 60 66 60 61 63
58 59 64 60 62 65
58 59 63 61 64 64
59 59 63 60 60 63
58 61 62 61 62 63
58 59 61 60 60 63
58 59 60 61 60 62
58 60 61 61 61 63
60 59 61 61 62 62
56 60 61 61 62 63
Average 58.00 59.50 62.20 Average 60.60 61.40 63.10
Stitch length 3.63 3.72 3.89 Stitch length 3.79 3.84 3.94
STDEV 1.05 0.71 1.81 STDEV 0.52 1.26 0.88
CV% 1.82 1.19 2.92 CV% 0.85 2.06 1.39
Confidence Interval 0.86 0.58 1.48 Confidence Interval 0.42 1.03 0.71
58 59 63 61 62 63
58 59 62 62 61 62
57 61 60 61 62 63
57 59 60 61 61 62
57 60 62 62 63 61
57 59 62 60 62 65
59 58 60 61 62 64
57 57 60 61 61 61
58 60 61 61 63 63
56 59 62 61 61 62
Average 57.40 59.10 61.20 Average 61.10 61.80 62.60
Stitch length 3.59 3.69 3.83 Stitch length 3.82 3.86 3.91
STDEV 0.84 1.10 1.14 STDEV 0.57 0.79 1.26
CV% 1.47 1.86 1.86 CV% 0.93 1.28 2.02
Confidence Interval 0.69 0.90 0.92 Confidence Interval 0.46 0.64 1.03
58 60 61 61 61 62
60 60 60 60 62 62
58 60 62 61 61 64
59 60 60 61 63 64
57 61 61 61 61 63
58 59 61 59 64 64
60 59 63 60 61 65
58 58 63 58 63 62
58 59 61 59 60 62
59 58 62 60 62 64
Average 58.50 59.40 61.40 Average 60.00 61.80 63.20
Stitch length 3.66 3.71 3.84 Stitch length 3.75 3.86 3.95
STDEV 0.97 0.97 1.07 STDEV 1.05 1.23 1.14
CV% 1.66 1.63 1.75 CV% 1.76 1.99 1.80
Confidence Interval 0.79 0.79 0.88 Confidence Interval 0.86 1.00 0.92
b b
c c
D963C NP=12.0 
Front Back
a a
 
Table B.27 D963C, NP12 Stitch Length Data 
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Zones L M R Zones L M R
60 61 61 61 62 63
59 61 60 60 61 62
59 61 61 61 59 61
59 61 61 61 62 62
59 60 60 61 61 61
59 59 62 61 61 63
59 60 62 61 63 64
59 61 61 62 62 62
60 60 61 63 62 63
57 60 61 62 61 63
Average 59.00 60.40 61.00 Average 61.30 61.40 62.40
Stitch length 3.69 3.78 3.81 Stitch length 3.83 3.84 3.90
STDEV 0.82 0.70 0.67 STDEV 0.82 1.07 0.97
CV% 1.38 1.16 1.09 CV% 1.34 1.75 1.55
Confidence Interval 0.67 0.57 0.54 Confidence Interval 0.67 0.88 0.79
59 58 60 61 59 62
58 60 61 62 61 64
59 61 61 62 62 62
59 61 61 61 60 62
58 61 62 62 60 61
58 59 60 59 61 62
59 61 61 61 61 64
58 61 61 60 62 61
58 59 61 63 61 62
58 59 59 61 61 61
Average 58.40 60.00 60.70 Average 61.20 60.80 62.10
Stitch length 3.65 3.75 3.79 Stitch length 3.83 3.80 3.88
STDEV 0.52 1.15 0.82 STDEV 1.14 0.92 1.10
CV% 0.88 1.92 1.36 CV% 1.86 1.51 1.77
Confidence Interval 0.42 0.94 0.67 Confidence Interval 0.92 0.75 0.90
57 60 62 60 63 63
58 59 61 60 61 63
59 61 61 59 61 62
58 61 63 60 63 63
59 61 63 59 61 63
59 59 62 59 61 64
60 60 64 60 61 62
59 60 63 59 62 63
58 61 64 59 61 64
59 60 62 59 60 62
Average 58.60 60.20 62.50 Average 59.40 61.40 62.90
Stitch length 3.66 3.76 3.91 Stitch length 3.71 3.84 3.93
STDEV 0.84 0.79 1.08 STDEV 0.52 0.97 0.74
CV% 1.44 1.31 1.73 CV% 0.87 1.57 1.17
Confidence Interval 0.69 0.64 0.88 Confidence Interval 0.42 0.79 0.60
b b
c c
D963C  NP=13.0 
Front Back
a a
 
Table B.28 D963C, NP13 Stitch Length Data 
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Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.88 1 9.20
2 10.98 2 9.10
3 10.80 3 9.15
4 10.85 4 9.25
5 10.75 5 9.10
Average 10.85 Average 9.16
Course Pitch 0.72 Wales Pitch 1.31
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.70 1 9.10
2 10.70 2 9.15
3 10.75 3 9.07
4 10.68 4 9.20
5 10.70 5 9.10
Average 10.71 Average 9.12
Course Pitch 0.71 Wales Pitch 1.30
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.20 1 9.11
2 10.50 2 9.25
3 10.55 3 9.20
4 10.65 4 9.24
5 10.60 5 9.15
Average 10.50 Average 9.19
Course Pitch 0.70 Wales Pitch 1.31
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.40 1 9.10
2 10.60 2 9.20
3 10.58 3 9.28
4 10.55 4 9.15
5 10.50 5 9.16
Average 10.53 Average 9.18
Course Pitch 0.70 Wales Pitch 1.31
Data which has been collected after Removing the Test Number from Special Clamp(zero Hour)
E14.4
E14.1
E14.2
E14.3
 
 
Table B.29 Course Pitch & Wale Pitch After Zeros Hours (E14) 
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Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.43 1 8.98
2 10.14 2 8.95
3 10.09 3 8.86
4 10.50 4 8.84
5 10.67 5 8.89
Average 10.36 Average 8.90
Course Pitch 0.69 Wales Pitch 1.27
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.02 1 9.16
2 10.06 2 9.07
3 10.25 3 9.07
4 10.02 4 8.91
5 10.11 5 9.04
Average 10.09 Average 9.05
Course Pitch 0.67 Wales Pitch 1.29
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.20 1 9.11
2 9.82 2 9.08
3 10.00 3 9.12
4 9.82 4 9.24
5 10.10 5 9.06
Average 9.99 Average 9.12
Course Pitch 0.67 Wales Pitch 1.30
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.20 1 8.80
2 10.40 2 8.90
3 10.23 3 8.95
4 10.30 4 8.80
5 10.40 5 8.75
Average 10.31 Average 8.84
Course Pitch 0.69 Wales Pitch 1.26
Data which has been collected after 3 hours
E14.1
E14.2
E14.3
E14.4
 
 
Table B.30 Course Pitch & Wale Pitch After three Hours (E14) 
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Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.80 1 8.66
2 9.50 2 8.66
3 9.88 3 8.59
4 9.80 4 8.70
5 10.32 5 8.73
Average 9.86 Average 8.67
Course Pitch 0.66 Wales Pitch 1.24
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.82 1 8.70
2 9.85 2 8.80
3 9.80 3 8.60
4 9.95 4 8.55
5 9.80 5 8.88
Average 9.84 Average 8.71
Course Pitch 0.66 Wales Pitch 1.24
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.98 1 8.80
2 9.89 2 8.75
3 9.68 3 8.60
4 9.75 4 8.70
5 9.90 5 8.65
Average 9.84 Average 8.70
Course Pitch 0.66 Wales Pitch 1.24
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 10.08 1 8.65
2 9.70 2 8.80
3 9.83 3 8.65
4 9.57 4 8.68
5 9.80 5 8.66
Average 9.80 Average 8.69
Course Pitch 0.65 Wales Pitch 1.24
E14.4
Data which has been collected after 6 hours
E14.1
E14.2
E14.3
 
 
Table B.31 Course Pitch & Wale Pitch After Six Hours (E14) 
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Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.80 1 8.55
2 9.85 2 8.50
3 9.90 3 8.70
4 9.95 4 8.60
5 9.98 5 8.50
Average 9.90 Average 8.57
Course Pitch 0.66 Wales Pitch 1.22
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.80 1 8.70
2 9.90 2 8.65
3 9.85 3 8.55
4 9.95 4 8.60
5 9.80 5 8.63
Average 9.86 Average 8.63
Course Pitch 0.66 Wales Pitch 1.23
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.68 1 8.60
2 9.75 2 8.65
3 9.70 3 8.75
4 9.65 4 8.75
5 9.70 5 8.65
Average 9.70 Average 8.68
Course Pitch 0.65 Wales Pitch 1.24
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.75 1 8.55
2 9.70 2 8.65
3 9.68 3 8.56
4 9.75 4 8.50
5 9.68 5 8.68
Average 9.71 Average 8.59
Course Pitch 0.65 Wales Pitch 1.23
E18.4
Data which has been collected after Removing the Test Number from Special Clamp(zero Hour)
E18.1
E18.2
E18.3
 
 
Table B.32 Course Pitch & Wale Pitch After Zeros Hours (E18) 
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Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.76 1 8.55
2 9.68 2 8.43
3 9.80 3 8.44
4 9.62 4 8.46
5 9.65 5 8.49
Average 9.70 Average 8.47
Course Pitch 0.65 Wales Pitch 1.21
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.80 1 8.60
2 9.70 2 8.65
3 9.75 3 8.55
4 9.95 4 8.40
5 9.80 5 8.63
Average 9.80 Average 8.57
Course Pitch 0.65 Wales Pitch 1.22
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.16 1 8.50
2 9.48 2 8.64
3 9.65 3 8.70
4 9.68 4 8.65
5 9.80 5 8.50
Average 9.56 Average 8.60
Course Pitch 0.64 Wales Pitch 1.23
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.60 1 8.60
2 9.55 2 8.40
3 9.66 3 8.56
4 9.55 4 8.45
5 9.68 5 8.68
Average 9.61 Average 8.54
Course Pitch 0.64 Wales Pitch 1.22
E18.4
Data which has been collected after 3 hours
E18.1
E18.2
E18.3
 
 
Table B.33 Course Pitch & Wale Pitch After three Hours (E18) 
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Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.50 1 8.30
2 9.52 2 8.40
3 9.65 3 8.35
4 9.55 4 8.40
5 9.57 5 8.35
Average 9.56 Average 8.36
Course Pitch 0.64 Wales Pitch 1.19
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.77 1 8.40
2 9.36 2 8.35
3 9.78 3 8.35
4 9.61 4 8.40
5 9.39 5 8.45
Average 9.58 Average 8.39
Course Pitch 0.64 Wales Pitch 1.20
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.45 1 8.45
2 9.50 2 8.55
3 9.45 3 8.40
4 9.33 4 8.50
5 9.48 5 8.55
Average 9.44 Average 8.49
Course Pitch 0.63 Wales Pitch 1.21
Test Number Courses Height (mm) Test Number Wales Width (mm)
1 9.50 1 8.30
2 9.50 2 8.31
3 9.55 3 8.29
4 9.55 4 8.28
5 9.51 5 8.25
Average 9.52 Average 8.29
Course Pitch 0.63 Wales Pitch 1.18
E18.4
Data which has been collected after 3 hours
E18.1
E18.2
E18.3
 
 
Table B.34 Course Pitch & Wale Pitch After six Hours (E18) 
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Appendix C Calibration Software Program 
 
clc 
 clear all 
 format short e 
 close all 
  
1,1 1, 2
2 ,1 2 , 2
27,1 27, 2
28,1 28, 2
0A
a a
a a
a a
a a
 
 
 
 =
 
 
 
 
⋮ ⋮
  
 
 
[mA0,nA0]=size(A0); 
  
1,1 1,2 1,3 1,4 1,5 1,6 1,7
2,1 2,2 2,3 2,4 2,5 2,6 2,7
26,1 26,2 26,3 26,4 26,5 26,6 26,7
27,1 27,2 27,3 27,4 27,5 27,6 27,7
1A
a a a a a a a
a a a a a a a
a a a a a a a
a a a a a a a
 
 
 
 
=
 
 
  
 
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮  
  
s1=[A1(:,1),A1(:,7)]; 
s2=[A1(:,2),A1(:,7)]; 
s3=[A1(:,3),A1(:,7)]; 
s10=[A1(:,4),A1(:,7)]; 
S5=[A1(:,5),A1(:,7)]; 
S6=[A1(:,6),A1(:,7)]; 
 [ms1,ns1]=size(s1); 
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p=input('What is the Sensor 1 pressure reading\n'); 
 for i=1:1:ms1 
        if  p == s1(i,1) 
                yp=s1(i,2); 
       elseif p > s1(i,1) && p < s1((i+1),1) 
                yp=((((s1((i+1),2)-s1(i,2))/(s1((i+1),1)-
s1(i,1)))*(p-s1(i,1)))+s1(i,2));     
        break 
          end 
            
end 
 for i=1:1:mA0 
        if  yp == A0(i,1) 
                mp=A0(i,2); 
       elseif yp > A0(i,1) && yp < A0((i+1),1) 
                mp=((((A0((i+1),2)-A0(i,2))/(A0((i+1),1)-
A0(i,1)))*(yp-A0(i,1)))+A0(i,2));     
        break 
            end 
          
end 
 sprintf('Calibrated sensor 1 pressure is %f mmHg.\n',round(mp)) 
  
[ms2,ns2]=size(s2); 
 p=input('What is the Sensor 2 pressure reading\n'); 
 for i=1:1:ms2 
        if  p == s2(i,1) 
                yp=s2(i,2); 
       elseif p > s2(i,1) && p < s2((i+1),1) 
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        yp=((((s2((i+1),2)-s2(i,2))/(s2((i+1),1)-s2(i,1)))*(p-
s2(i,1)))+s2(i,2));     
        break 
            end 
           
end 
   
for i=1:1:mA0 
        if  yp == A0(i,1) 
                mp=A0(i,2); 
       elseif yp > A0(i,1) && yp < A0((i+1),1) 
                mp=((((A0((i+1),2)-A0(i,2))/(A0((i+1),1)-
A0(i,1)))*(yp-A0(i,1)))+A0(i,2));     
        break 
            end 
          
end 
  
sprintf('Calibrated sensor 2 pressure is %f mmHg.\n',round(mp)) 
    
[ms3,ns3]=size(s3); 
 p=input('What is the Sensor 3 pressure reading\n'); 
   
for i=1:1:ms3 
    
    if  p == s3(i,1) 
        
        yp=s3(i,2); 
       elseif p > s3(i,1) && p < s3((i+1),1) 
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        yp=((((s3((i+1),2)-s3(i,2))/(s3((i+1),1)-s3(i,1)))*(p-
s3(i,1)))+s3(i,2));     
       break 
         end          
end 
   
for i=1:1:mA0 
        if  yp == A0(i,1)        
        mp=A0(i,2); 
       elseif yp > A0(i,1) && yp < A0((i+1),1) 
                mp=((((A0((i+1),2)-A0(i,2))/(A0((i+1),1)-
A0(i,1)))*(yp-A0(i,1)))+A0(i,2));     
        break         
    end           
end 
  
sprintf('Calibrated sensor 3 pressure is %f mmHg.\n',round(mp)) 
     
[ms10,ns10]=size(s10); 
 p=input('What is the Sensor 4 pressure reading\n'); 
   
for i=1:1:ms10     
    if  p == S10(i,1)         
        yp=S10(i,2);    
    elseif p > S10(i,1) && p < s10((i+1),1) 
                yp=((((s10((i+1),2)-s10(i,2))/(s10((i+1),1)-
s10(i,1)))*(p-s10(i,1)))+s10(i,2));     
        break         
    end            
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end  
  
for i=1:1:mA0     
    if  yp == A0(i,1)         
        mp=A0(i,2);    
    elseif yp > A0(i,1) && yp < A0((i+1),1)         
        mp=((((A0((i+1),2)-A0(i,2))/(A0((i+1),1)-A0(i,1)))*(yp-
A0(i,1)))+A0(i,2));     
        break         
    end      
    end  
sprintf('Calibrated sensor 4 pressure is %f mmHg.\n',round(mp)) 
  
[mS5,nS5]=size(S5);  
p=input('What is the Sensor 5 pressure reading\n'); 
 for i=1:1:mS5     
    if  p == S5(i,1)         
        yp=S5(i,2);    
    elseif p > S5(i,1) && p < S5((i+1),1)         
        yp=((((S5((i+1),2)-S5(i,2))/(S5((i+1),1)-S5(i,1)))*(p-
S5(i,1)))+S5(i,2));     
        break         
    end          
end  
for i=1:1:mA0     
    if  yp == A0(i,1)         
        mp=A0(i,2);    
    elseif yp > A0(i,1) && yp < A0((i+1),1)         
        mp=((((A0((i+1),2)-A0(i,2))/(A0((i+1),1)-A0(i,1)))*(yp-
A0(i,1)))+A0(i,2));     
        break 
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    end          
end  
sprintf('Calibrated sensor 5 pressure is %f mmHg.\n',round(mp))  
[mS6,nS6]=size(S6);  
p=input('What is the Sensor 6 pressure reading\n');  
 for i=1:1:mS6     
    if  p == S6(i,1)         
        yp=S6(i,2);    
    elseif p > S6(i,1) && p < S6((i+1),1)         
        yp=((((S6((i+1),2)-S6(i,2))/(S6((i+1),1)-S6(i,1)))*(p-
S6(i,1)))+S6(i,2));     
        break         
    end            
end   
for i=1:1:mA0     
    if  yp == A0(i,1)         
        mp=A0(i,2);    
    elseif yp > A0(i,1) && yp < A0((i+1),1)         
        mp=((((A0((i+1),2)-A0(i,2))/(A0((i+1),1)-A0(i,1)))*(yp-
A0(i,1)))+A0(i,2));     
        break         
    end         
end 
  
sprintf('Calibrated sensor 6 pressure is %f mmHg.\n',round(mp)) 
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Appendix D Empirical database Generator Computer Program 
% clc; 
% clear all; 
% format short e 
% open('C:\...xls'); 
 
RR=Sheet1; 
nn=size(RR);kk=nn(1,2);kk1=nn(1,1); Pres=zeros(kk1,kk/2);oo=0;Dis=0.6;NN=1;Tol=5;o1=0;PP=zeros(201,4);pol=zeros(201,4); 
TT=max(RR);TT1=max(TT);epsi=0.00001;Res=zeros(201,4);KK1=zeros(201,19);KK2=zeros(201,19);KK3=zeros(201,19);KK4=zeros(201,19)
;AA=zeros(201,3,18); 
AAA=zeros(201*18,3,18); 
 
% for i=2:2:kk 
%         oo=oo+1; 
%     Pres(:,oo)=RR(:,i); 
%     end; 
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%     T=max(Pres);T1=max(T); 
o1=0;RR1=ones(kk1+2,kk);k1=zeros(101,kk); 
for i=1:kk 
    RR(:,i)=sortrows(RR(:,i));end 
for i=1:kk 
    for j=1:kk1 
        RR1(j,i)=RR(j,i);end;end 
     
         for i=1:kk1 
             for j=1:kk 
    if RR1(i,j)>0              
if RR1(i,j)<=RR1(i+1,j)+epsi & RR1(i,j)>=RR1(i+1,j)-epsi  
RR1(i,j)=RR1(i,j)-2; 
 
end;end;end;end 
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% Calculation of the Coefficient for Polynomial Function Order 2, 3 And 4 
 o22=1; 
EE=0:200; 
for i=1:2:35 
% for i=1:2:18 
    for j=1:kk1+1 
        
       if RR1(j+1,i)>0 
           o1=o1+1; 
          ko1(o1,1)=RR1(j,i); 
          ko1(o1,2)=RR1(j,i+1); 
       end;end;o1=0; 
       [s11,s22]=size(ko1); 
       for S11=1:s11-1 
       ko(S11,1)=ko1(S11,1); 
      ko(S11,2)=ko1(S11,2);end 
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   po2=polyfit(ko(:,1),ko(:,2),2); 
   po3=polyfit(ko(:,1),ko(:,2),3); 
   po4=polyfit(ko(:,1),ko(:,2),4); 
   po5=polyfit(ko(:,1),ko(:,2),5); 
    
 % 1) Evaluation of Polynomial Curve  
 % 2) Calculation of Residual  
 % 2) Calculation of Norm-2 for the Residual Vector  
    
   pol(:,1)=polyval(po2,EE);pr(1)=max(pol(:,1)); 
   pol(:,2)=polyval(po3,EE);pr(2)=max(pol(:,2)); 
   pol(:,3)=polyval(po4,EE);pr(3)=max(pol(:,3)); 
%     pol(:,4)=polyval(po5,EE);pr(4)=max(pol(:,4)); 
 kkk1=0; 
   [s1,s2]=size(ko); 
   for ss=1:3 
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           ko(s1,2)=pr(ss); 
           ko(s1,1)=200; 
           PP(:,ss)=pchip(ko(:,1),ko(:,2),EE); 
           Res(:,ss)=pol(:,ss)-PP(:,ss); 
           nor(ss)=norm(Res(:,ss));MI=min(nor);end 
        
 % Choosing the Polynomial Degree Based on the Smallest Norm for the Residual 
  
           for ss111=1:3 
               if MI==nor(ss111); 
                   Deg=ss111+1; 
               end;end 
           kkk1=kkk1+1; 
          KK1(:,i/2+0.5)=pol(:,Deg-1);   
          ko=0;ko1=0; 
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end; 
for i=1:18 
    for j=1:201 
        if KK1(j,i)<=0 
            KK1(j,i)=0;end;end;end 
% for i=1:18 
%     hold on 
%     plot(EE,KK1(:,i)); 
% end 
for i=2:17  
    for j=1:200 
    if KK1(j,i)>=KK1(j,i-1)   
         diff=(KK1(j,i)-KK1(j,i-1)); 
         KK1(j,i)=KK1(j,i)-2*diff; 
   KK1(j,i)=(KK1(j,i-1)+KK1(j,i+1))/2; 
    end;end;end 
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% for i=1:18 
%     hold on 
%     plot(EE,KK1(:,i)); 
% end 
  
% Three Steps Refinement 
  
EE=EE'; 
for i=1:18 
    Co=polyfit(EE,KK1(:,i),2); 
    KK2(:,i)=polyval(Co,EE); 
end 
for i=2:17  
    for j=1:200 
    if KK2(j,i)>=KK2(j,i-1)   
  
222 
%          diff=(KK2(j,i)-KK2(j,i-1)); 
%          KK2(j,i)=KK2(j,i)-2*diff; 
   KK2(j,i)=(KK2(j,i-1)+KK2(j,i+1))/2; 
    end;end;end 
% for i=1:18 
%     hold on 
%     plot(EE,KK2(:,i)); 
% end  
 for i=1:18 
    Co=polyfit(EE,KK2(:,i),2); 
    KK3(:,i)=polyval(Co,EE); 
end 
% for i=1:18 
%     hold on 
%     plot(EE,KK3(:,i)); 
% end 
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for i=2:17  
    for j=1:200 
    if KK3(j,i)>=KK3(j,i-1)   
%          diff=(KK2(j,i)-KK2(j,i-1)); 
%          KK2(j,i)=KK2(j,i)-2*diff; 
   KK3(j,i)=(KK3(j,i-1)+KK3(j,i+1))/2; 
    end;end;end 
for i=1:18 
    Co=polyfit(EE,KK3(:,i),3); 
    KK4(:,i)=polyval(Co,EE); 
end 
for i=1:18 
    hold on 
    plot(EE,KK3(:,i)); 
end 
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 % Generating Three-Dimensional surface: 
% where: 
 % 1) X = Strain Percentage 
 % 2) Y = Pressure (mmHg) 
 % 3) Z= Radius of Curvature (mm) 
AA(:,2,1)=16.23;AA(:,2,2)=19.26;AA(:,2,3)=24.3;AA(:,2,4)=27.61;AA(:,2,5)=31.91;AA(:,2,6)=42.57;AA(:,2,7)=56.34;AA(:,2,8)=62.31;AA(:,2
,9)=66.37; 
AA(:,2,10)=69.87;AA(:,2,11)=74.72;AA(:,2,12)=78.78;AA(:,2,13)=82.60;AA(:,2,14)=103.80;AA(:,2,15)=108.40;AA(:,2,16)=112.80;AA(:,2,17
)=117.80; 
AA(:,2,18)=122; 
  
for i=1:18 
    AA(:,1,i)=EE; 
    AA(:,3,i)=KK4(:,i);end 
figure(2) 
for i=1:18 
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    hold on 
plot3(AA(:,1,i),AA(:,2,i),AA(:,3,i),'o');end 
[m5,m6,m7]=size(AAA); 
AAA=[AA(:,:,1);AA(:,:,2);AA(:,:,3);AA(:,:,4);AA(:,:,5);AA(:,:,6);AA(:,:,7);AA(:,:,8);AA(:,:,9);AA(:,:,10);AA(:,:,11);AA(:,:,12);AA(:,:,13);AA(
:,:,14);AA(:,:,15);AA(:,:,16);AA(:,:,17);AA(:,:,18)]'; 
AAA=AAA';  
figure(3) 
x=AAA(:,1);y=AAA(:,2);z=AAA(:,3); 
ti1 = 5:0.1:100; 
ti2 = 17:0.1:122; 
[XI,YI] = meshgrid(ti1,ti2); 
ZI = griddata(x,y,z,XI,YI,'cubic'); 
 mesh(XI,YI,ZI), hold 
% plot3(x,y,z,'o'), hold off 
colorbar 
 title('Pressure profile of the Honeycomb fabric structure'); 
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xlabel('Strain x 100'); 
ylabel('Radius of curvature (mm)'); 
zlabel('Pressure (mmHg)'); 
[mXI,nXI]=size(XI); 
 [mYI,nYI]=size(YI); 
jp=0; 
for i=1:1:mYI 
     
    for j=1:1:nXI 
            PressureProfile(j+jp,1)=XI(1,j); PressureProfile(j+jp,2)=YI(i,1); PressureProfile(j+jp,3)=ZI(i,j); 
    end 
     
    jp=i*nYI; 
    end 
 save PressureProfile1.txt PressureProfile –ASCII 
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Appendix E Empirical Database Comparison Data 
 
Figure E.1 Illustration Of Polynomial Curve with Existing Program 
 
 
 
Figure E.2 Illustration Of Polynomial Curve with Developed Program 
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Figure E.3 Illustration of Pressure Profile of the Honeycomb Structure with 
Existing Program 
 
 
Figure E.4 Illustration of Pressure Profile of the Honeycomb Structure with 
Developed Program 
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Figure E.5  Pressure Profile Generated with Existing Program 
 
 
 
Figure E.6  Pressure Profile Generated with Developed Program 
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Appendix F Empirical pressure profile database 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13
59 95 99 117 136.5 154.5 176 194.5 213.5 237 253.5 275 297.5
68.00 10.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
102.00 16.23 53.09 7.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
121.00 19.26 76.54 26.00 18.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
151.00 24.03 113.58 56.00 42.62 23.94 8.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
173.50 27.61 141.36 78.50 61.07 39.79 22.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200.50 31.91 0.00 0.00 83.20 58.80 39.26 24.21 11.67 2.56 0.00 0.00 0.00 0.00 0.00
267.50 42.57 0.00 0.00 138.11 105.99 80.37 59.47 43.57 31.20 20.53 10.89 4.68 0.00 0.00
354.00 56.34 0.00 0.00 0.00 166.90 133.44 105.00 84.76 68.16 53.42 41.79 33.61 23.94 16.38
391.50 62.31 0.00 0.00 0.00 0.00 0.00 124.74 102.62 84.19 67.68 55.18 46.15 35.30 27.25
417.00 66.37 0.00 0.00 0.00 0.00 0.00 138.16 114.76 95.09 77.38 64.29 54.68 43.03 34.64
439.00 69.87 0.00 0.00 0.00 0.00 0.00 0.00 125.24 104.49 85.74 72.14 62.04 49.70 41.01
469.50 74.72 0.00 0.00 0.00 0.00 0.00 0.00 139.76 117.52 97.34 83.04 72.24 58.94 49.86
495.00 78.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 128.42 107.03 92.14 80.77 66.67 57.25
519.00 82.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 116.16 100.71 88.80 73.94 64.20
652.00 103.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 166.73 148.21 133.28 114.24 102.75
681.00 108.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 123.03 111.16
706.00 112.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 130.61 118.41
740.00 117.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 128.26
766.50 121.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 135.94
CSS 2
CSS 3
CSS 4
CSS SP ROC (mm)
CSS1
 
Table F.1 Strain Percentage Evaluation 
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S13 S12 S11 S10 S9 S8 S7 S6 S5 S4 S3 S2 S1 S13 S12 S11 S10 S9 S8 S7 S6 S5 S4 S3 S2 S1
ROC 
(mm)
Strain Percentage 
0.00
CSS2
C2P4
0.00 0.00
0.00
CSS1
C1P4
CSS SP
16.23
C1P3 19.26
0.00
0.00
31.91
C2P3 42.57
C1P2 24.03
C1P1 27.61
C2P2 56.34
C2P1 62.31
78.78
C3P1 82.60
CSS3
C3P5 66.37
C3P4 69.87
C3P3 74.72
CSS4
C4P5 103.80
C4P4 108.40
C4P3 112.80
7.000.00
0.00
0.00
0.00 0.00 0.00
0.00
0.00
C4P1 122.00
0.00
0.00
0.00
0.00
C4P2 117.80
C3P2
0.00
0.00
0.00
0.00
0.00 0.00 0.00
0.00
0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00
0.00 20.53
0.00
0.00
0.00 0.00
0.00 0.00
100.71
0.00
0.00
0.00
0.00
0.00 0.00
0.00 0.00
0.00
0.00
0.00 0.00 0.00 0.00
0.00 0.00
0.00
53.09
0.00 0.00
0.00 0.00
0.00 0.00
0.00
0.00 0.00
0.000.00
139.76117.52
Pressure (mmHg)
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 15.00 23.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.000.00 0.00 0.00 0.00
0.00 0.00 0.000.00 0.00 0.00 0.00
0.00
0.00 0.00 0.00 0.00
25.5026
0.00
0.00
0.00
0.00 0.00
20.50 22.50 24.00
0.00 0.00
0.00 0.00 0.00
0.00
0.000.00
0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
17.00
18.03 26.00 76.54
8.90 23.94 42.62 56.00 113.58
0.000.00
9.509.50
12.00
141.36
0.00 0.00
9.50 14.50 21.00
15.5012.00 19.0021.5016.50
22.70
10.00
78.5061.0739.79
0.00
0.00
38.50
6.50 9.50 10.00 18.00 20.00 26.00
16.00 23.00 25.00
27.25 35.30 46.15 55.18 67.68 84.19 102.62 124.74
166.90133.4105.0084.7668.1653.4241.7933.6123.9416.38
4.68 10.38 31.20 43.57 59.47 80.37 105.99 138.11
83.2058.8039.2624.2111.672.56
32.00
41.0032.0024.50
24.50 30.00 46.5012.50 18.50
17.50 19.000.00 0.00
10.5011.00
18.0016.50
29.504.50 5.50 9.50 8.00
26.50
64.20
12.0011.5014.5010.5010.0057.25 66.67
15.0013.00
72.2458.94
88.8073.94
49.86
125.24104.4985.7472.1462.0449.7041.01
97.3483.04
34.64 43.03 54.68 64.29 77.38 95.09 114.76 138.16
6.50 10.00 8.00 10.00 13.00 19.00 17.50
22.5024.5015.5015.0010.5011.5010.50
13.50 14.00 11.50 18.50 19.50 20.00 21.00 29.50
107.0392.1480.77
135.94 148.94
162.71140.91128.26
118.41 130.61 151.34
142.98123.03111.16
102.75 114.24 133.28 148.21
0.00
0.00
17.5016.5015.00
13.50 12.50 20.50
8.00 10.00
16.0014.00
11.5010.007.007.00
0.00
0.00
 
Table F.2  Strain Percentage and Pressure Value 
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Figure F.1 Illustration of Polynomial Curve 
 
Figure F.2 Illustration Of Pressure Profile Of The Honeycomb Structure 
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Figure F.3  Empirical Pressure Profiles Database 
 
 
Pressure Target 
(mmHg) 
Average pressure of Anterior, Medial, Lateral, 
and Posterior.(mmHg) 
Knee Region 18 21.75 
Calf   Region 21 21.50 
Ankle Region 24 24.25 
 
Table F.3 Validation of the Pressure Value 
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Appendix G Aggregate and Weighted Models 
 
G 1.1 Aggregate Models 
In this case each course is considered as one strip, and ROC values of the strips in the 
inflatable pocket area of the OPM pressure sensor from top to bottom is measured. 
The strain percentage is calculated and the pressure for each course strip of different 
radiuses which then pressure could be collected from available empirical database and 
finally P  would be calculated. 
For each course strip the strain percentage could be calculated by using respective 
ROC and the interface pressure determined.  Finally the interface pressure of the 
OPM sensor is calculated as shown below. 
1 2 3 ...P P P P= + + +  (G.1) 
where 
P   = pressure,  
1P   = pressure at point with radius of 1R  and strain% of 1S , 
2P  = pressure at point with radius of 2R  and strain% of 2S , 
3P  = pressure at point with radius of 3R  and strain% of 3S . 
G1.2 Weighted Model 
Finally if the interface pressure calculation as demonstrated in the previous two cases 
are not satisfactory then a third case could be considered which is based a weighted 
model. The procedure is similar to the method described in the previous case, 
however the pressure calculation carried out with appropriate coefficients for 
pressures as shown below.   
1 2 3 ...P aP bP cP= + + +  (G.2) 
where, 
P         = pressure (mmHg), 
, ,a b c   =coefficient. 
